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An experimental investigation of the performance of a direct-indirect evaporative cooling
fresh air handling unit with different modes of operation is presented. Linear regression
analysis is used to fit the experimental results, and the correlation coefficient is evaluated.
It is found that the highest temperature reduction of 18.8°C is achieved across the heat
exchanger for the tested unit when the water shower mode is implemented at an ambient
dry-bulb temperature of 44°C in conditions of relative humidity less than 20%. In the water
shower and the combined mist injection and water shower modes of operation, the
temperature reduction across the heat exchanger generally reduces, with increasing relative
humidity. Furthermore, the results showed that water consumption increased with
increasing ambient dry-bulb temperature and decreased with increasing ambient relative
humidity. Finally, the lowest energy consumption of 1.64 kWh occurred with the water
shower mode operated at peak dry-bulb temperature design condition. The energy
consumptions for the mist injection mode of operation were 1.89 kWh and 2.15 kWh for
the peak dry-bulb temperature and peak wet-bulb temperature design conditions,
respectively. At these design conditions, the energy consumptions of the combined mist

injection and water shower mode of operation are 2.7 kWh and 2.83 kWh, respectively.

1. INTRODUCTION

Hot arid countries heavily rely on air conditioning to create
comfortable indoor environments for occupants around the
year. Electrical energy consumption of air conditioning in
residential buildings is relatively high in hot climate countries
and accounts for 70% of the total energy consumption [1-3].
The use of several evaporative cooling (EC) is becoming
increasingly popular and continues to be studied by various
researchers who have focused on a variety of aspects, such as
developing smaller and lightweight cooling units. These units
are often fitted with enhanced evaporative cooling
technologies, which enable them to deliver large cooling
capacities required from air handling units for ventilation
applications [4, 5].

The change of phase from liquid to vapor results in a
reduction of the temperature of the air and requires less energy
than that used by comparable refrigeration systems. In arid
climatic conditions, EC has the added benefit of increasing the
moisture content of the supply air stream. In hot arid climates,
it is feasible to utilize EC, which can be implemented by
employing various modes of operation such as mist injection
[6], water spray [7], or the combination of mist injection and
water spray [8].

The main characteristic of the materials used in EC systems
is the water-holding ability while allowing air to pass through,
i.e., and its porosity has a direct impact on water consumption.
Researchers have considered a variety of potential materials,
including porous ceramic pads [9], cellulose pads [10, 11],
corrugated paper [12], and organic type pads [13], to name but
a few.
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A significant barrier to the use of EC systems in hot and arid
climatic regions of the world is the essential water
requirements. The water consumption patterns for EC
purposes were studied and investigated for different situations
ranging from understanding how it affects the condition of
supply air to assessments aimed at optimizing the water
consumption rate [14, 15].

The water consumption in an indirect evaporative cooling
(IEC) system with installed water spray nozzles was
considered for balanced primary and secondary air flows, [16].
The case where water was supplied at a constant rate of 0.11
kgs?, to the exhaust air stream of an IEC prototype, which
enhanced the cooling performance was investigated [17]. The
two-stage indirect/direct evaporative cooling (IDEC) system
operating in various climatic conditions was analyzed, and the
results showed that the combined mode consumed 55% more
water compared to the direct evaporative cooling (DEC)
system [18]. The effect of water nozzles and airflow
arrangements on the performance of a cross-flow indirect
evaporative cooler was studied [19]. The effect of water
temperature on the EC performance was investigated, and it
was noted that higher temperatures enhanced the evaporation
rate of a mist injection spray [20]. Some researchers have
quantified evaporative losses in EC systems to be up to 15%—
20% of the quantity of water used per day [21].

Another important aspect relating to EC systems is its
associated low electrical energy consumption, which makes
the use of EC units to pre-cool ventilation air an attractive and
promising technology. EC technology has been deemed to
provide cooling energy savings, has a beneficial impact on the
environment, and can improve the efficiency of cooling
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systems [22, 23].

Researchers over the past decades have extensively studied
cooling systems employing EC methods from the perspective
of energy savings [24, 25]. The results showed that the
combination of IEC and conventional cooling coil for
application in hot/dry and hot humid climates could achieve
about 55% saving in electrical energy where the system could
provide 75% of the cooling load in the cooling season. In
another work on EC, it was found that a two-stage EC system
was four and half times more efficient than a conventional
system and identified water pumps as well as air blower as the
primary energy-consuming devices in EC units [26].

In cases where it is not desirable to increase the moisture
content of the supply air, indirect evaporative coolers can be
integrated into traditional air handling systems to improve
energy efficiency [27]. IEC is often used in combination with
conventional cooling technologies such as chilled water-
cooling coils to create more effective cooling cycles [28].

The primary electrical energy consuming items in an air
handling unit (AHU) with chilled water-cooling coil and EC
are ventilation fans and water pumps, which are required to
circulate chilled water in the cooling coil. The energy
consumption associated with these systems was investigated
and documented [29, 30]. An IEC unit was analytically
evaluated and compared to a conventional packaged air
conditioner and found that the traditional package consumed
3.5 times more energy than that of the EC unit [31].

The use of IEC to pre-cool fresh air was also investigated
[32]. Several researchers have explored how EC performs in
various climates [33, 34], with some focusing on how IEC
performs in hot and humid climatic regions [35, 36].

Results from many studies have shown that EC could
achieve significant cooling capacity in many operating
conditions.

There is, however, still a lack of knowledge in the literature
concerning water usage in different modes of operation (mist
injection, water shower, or combination of mist injection and
water shower) of the EC system used in a variety of climatic
conditions. Therefore, to address this concern of water usage

of EC systems under hot and arid ambient conditions
experienced in GCC countries, particularly in Qatar, this study
sought to investigate and identify which mode of operation
uses the least amount of water under prevailing ambient
conditions. Such information can be useful in drawing up
efficient sequences of operation and control of EC systems to
conserve water.

The present study investigates the performance of a hybrid
IEC with a chilled water-cooling coil system operating under
multiple modes (mist injection, water shower, and
combination of mist injection and water shower) in a wide
variety of ambient conditions experienced in GCC countries.
Therefore, this study utilizes experimental data to investigate
the performance of the hybrid fresh air handling cooling
system from the perspectives of potential water and energy
savings derived from choosing the most effective mode of
operation under prevailing ambient conditions. The study
considers temperature reduction across the heat exchanger,
water consumption, and electrical energy consumption, which
are analyzed based on actual data acquired via experimental
measurements during the 12 months extending from August
2018 to July 20109.

2. THE DESCRIPTION OF THE EXPERIMENTAL
SETUP AND PROCESSES

2.1 Experimental rig

The experimental test rig (Model HSLO50M-S) is an
industrial FAHU with a cooling capacity of 80 kW and a motor
power of 0.55 kW. The overall unit sizeis2mx 1.1 mx 2.1
m with balanced primary and secondary airflow rates of 5000
CMH. The FAHU system is composed of a cross-flow heat
exchanger, a chilled water cooling coil, fans, water pumps,
filters, pads, water tanks, spray nozzles, and ultrasonic mist
injection generator, as shown in Figure 1. The main parameters
of the FAHU components are shown in Table 1.
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Figure 1. Schematic diagram of the IDEC system
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Table 1. IDEC system parts specification

S. No Parts Qty Specifications
1 Supply Fan 1 Centrifugal fan, Power — 4.2 kW
Measured CFM - 1654
Centrifugal fan, Power -4.2 kW
2 Exhaust Fan 1 Measured CFM — 1363
Mist injection Generation — 18 Lit h!
3 Ultrasonic Mist injection 3 Power -0.75KW
Tank Dimension —0.18 * 0.24*0.7 m
4 Water Shower 1 Nozzle — 12 Pcs, Pump Power -1 HP
Dimension - 6 Row*21 holes*25.9”
5 Cooling Coil 1 Chilled water flow rate —0.172 ms™*

Cooled water flow rate — 0.37 ms
Air to Air — Wavy type
6 Heat Exchanger 1 Dimension — 0.5 *0.5*1.05 m
Air Flow - Counter Flow
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Figure 2. Air conditioning processes of the (a) Theoretical and (b) Experimental IDEC

The secondary air indirectly cools the primary air in the end of the operation. Energy consumption was measured by an
cross-flow heat exchanger. Water consumption for each mode energy meter installed as part of the electrical circuit within
of operation was measured by evaluating the differences in the the air handling unit.
tank water levels over a period recorded at the beginning and The ambient primary (supply) air, at state (1), flows through
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the dry channels of the cross-flow plate heat exchanger, where
it is cooled by contact with the cold surfaces to attain air state
(2). The primary air then flows across the chilled water-
cooling coil, where it is cooled to air state (3). Finally, the
supply air stream passes through a cellulose pad before being
supplied to the conditioned space at state (4). In dry weather
conditions, where the primary air humidity is very low, it
could be humidified and further cooled down by direct EC if a
water shower was added to the cellulose pad, which increases
the moisture content of the supply air. The ambient secondary
flow at state (5) is pre-conditioned by mist injection, where its
temperature is decreased, and relative humidity is increased at
state (6). An additional decrease in the secondary air
temperature, at state (7), can be achieved when the secondary
air flows through the wet channels of the heat exchanger,
where nozzles spray a water shower. The secondary airflow is
exhausted to the ambient at the air state (8).

Suitable sensors are installed at the respective inlets and
outlets of the various components to measure the temperature
and relative humidity levels. Aranet wireless current
temperature sensors are used with a measurement range of -40
to 60°C, relative humidity ranges from 0 to 100%, and the
accuracy of the sensors is 0.4°C and 4%, respectively. The
measured data is logged using a wireless data acquisition
system and saved on a server for further processing and
analysis.

2.2 Psychrometric processes

The theoretical processes (1-4) of cooling the primary
airflow and (5-8) of the secondary airflow treatment are
presented in the psychrometric chart in Figure 2a. The
corresponding experimental psychrometric processes are
shown in Figure 2b. The primary air sensible cooling process
in the cross-flow heat exchanger is represented in the process
1-2. The temperature of the supply air stream at state (2)
cannot be lower than the temperature of the secondary air
leaving the heat exchanger. Free chilled water supplied by a
solar absorption chiller is utilized to cool down the primary air
stream to state 3. A dehumidification process can occur on the
cooling coil, which leads to a decrease in the moisture content
of the supply air. In case when the relative humidity is lower
than the set value, the primary air can be humidified by direct
EC in the cellulose pad, if a water shower was installed, where
its relative humidity can be increased to the required setpoint.
The pre-conditioning process of the secondary air stream (5-
6) by mist injection results in a decrease of the air temperature
and an increase in relative humidity along the line of constant
wet-bulb temperature. The water shower process of the
secondary flow (6-7) in the cross-flow heat exchanger
compensates for the increase in secondary air temperature due
to indirect cooling with the primary air. The secondary air is
exhausted to ambient by the exhaust air fan at state (8).

The experimental presentation of the psychrometric
processes shown in Figure 2b indicates a slight difference in
the range of one degree in the ambient temperatures of the
primary and secondary air streams. It is seen that the
experimental process of the secondary airflow (6-7) deviates
from the saturation line. This deviation occurs since the
secondary air will have a lower wet bulb temperature than the
corresponding dry bulb temperature as it flows from state 6 to
state 7.
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3. EXPERIMENTAL PROCESSES OF FAHU MODES
OF OPERATION

The working modes of operation considered in the present
study are IDEC with water shower, mist injection, and a
combination of water shower and mist injection, and
experimental data of the performance of the FAHU are
collected during the tests and analyzed.

For the constant primary and secondary airflow rates, water
and electricity consumption were measured and recorded
accordingly for each of the modes of operation. The water
shower is provided by 120 nozzles installed on two parallel
manifolds. The water flowrate, as provided by the
manufacturer, is 0.5 Is? at a pressure of 5 bars. A counter-
current arrangement is adopted to provide water to the
secondary air stream. A pumping unit with a flow rate of 0.67
Istand 10 bars, respectively, are used to supply water to the
nozzles. The average water temperature in the storage tank is
36°C.

For the mist mode operation, three pieces of mist producing
devices are mounted in the unit. The specification of these
devices is: a working voltage of 40~50V, the work current is
5300~5700 mA, the working temperature range is 5-55°C, the
humidity production method is the spray method, the fog
amount is 7 kg.h, the best water level is 36-40 mm, the
material is copper, and the maximum working temperature is
5543°C. The working procedure of the mist can be described
as follows: each mist device with ten heads and each head
comprises of atomizer film with a ceramic plate mounted on
the top. Every mist device has a water sensor, which will work
at a water level of 36-40 mm height from the device. During
the operation of the device, the atomizer film makes a
vibration movement with 1700 kHz. During this vibration, the
fog will be produced with a capacity of 7 kg.h of fog. As the
misting device is working, the water temperature will be
increased.

The regression analysis is defined as a statistical method
used for finding the relationship between a dependent variable
and one or more independent variables. In the present work,
the temperature difference is the dependent variable, and the
ambient temperature and relative humidity are the independent
variables. The regression analysis is utilized to assess the
strength of the relationship between theses dependent and
independent variables for modeling the future relationship
between them. The regression analysis can be linear, multiple
linear, or nonlinear, where the common model is the simple
linear. The linear model is expressed as:

Y=a+bX+e €))
where,

Y — Dependent variable, which is the temperature difference
in this analysis, X — Independent variable, which is either the
ambient temperature or the relative humidity, a — Intercept. b
— Slope, and € — Residual (error). The correlation coefficient,
R2, measures the degree of association of data. Sometimes, it
is defined as Pearson's correlation coefficient. It is measured
on a scale that varies from + 1 through 0 to - 1. The plus and
minus unity is used to express the complete correlation
between the two variables. The positive value indicates an
increase in one variable as the other increases, whereas the
negative value indicates a decrease in the variable as the other
increases. It is estimated as follows:
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where, n is the number of data.
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Figure 3. Ambient temperature and relative humidity for
August 2018-July 2019 in Doha-Qatar

The experimental measurements of the performance of
different modes of operation were carried out for a wide range
of temperatures and relative humidity from August 2018 to
July 2019 for the Qatar climate, as shown in Figure 3. The
highest relative humidity of 69% at a temperature of 25.1°C
was recorded. For higher ambient temperatures, the relative
humidity was in the range of 10-50%.

4. RESULTS AND DISCUSSION

The acquired experimental data was analyzed from various
perspectives, and the results are presented and discussed in this
section. For comparison purposes, the data was divided into
two categories, one for temperature and the other for the
relative humidity. Each category is divided into three ranges:
<28°C, (28-40)°C, and >40°C for temperature values and
<20%, (20-40)%, and >40% for relative humidity. All
experimental data were modeled using regression analysis,
and the corresponding correlation coefficients are provided for
each case.

4.1 Temperature difference variation with ambient
temperature at relative humidity less than 20%

The variation of the temperature difference across the heat
exchanger for different modes of operation and relative
humidity less than 20% is presented in Figure 4. It can be seen
that higher temperature differences, across the heat exchanger,
can be obtained with the water shower mode of operation for
ambient temperatures ranging from 37.3 to 41.2°C. For this
mode of operation, the minimum and maximum temperature
reductions achieved are 15.9°C and 17.8°C at ambient
temperatures of 37.3 and 41.2°C, respectively. In ambient
conditions of low relative humidity, the mist injection mode of
operation achieves the lowest temperature reductions across
the heat exchanger. The highest temperature reduction for this
mode is found to be than 13°C, which occurs at a dry bulb
temperature (DBT) of 44°C. A linear regression representation
of the temperature difference across the heat exchanger as a
function of ambient DBT for the experimental range gave
excellent correlation coefficients, above 0.92 for all modes of
operation, which means that the linear representation is a good
approximation of the relationship between temperature

difference across the heat exchanger and the ambient DBT.
This behavior aligns with expectations from the psychrometric
chart, whereby the wet-bulb depression, i.e., the difference
between the ambient DBT and the corresponding ambient
WBT, increases with increasing ambient DBT. The wet-bulb
depression represents the potential for EC to occur.

4.2 Temperature difference variation with ambient
temperature at a relative humidity range of 20-40%

The performance of the FAHU in terms of the change of
temperature difference across the heat exchanger, for different
modes of operation and relative humidity of 20-40% is
presented in Figure 5. Comparison of Figure 4 and Figure 5
shows that as the relative humidity increases, the effect of EC
on the temperature difference decreases. Figure 5 shows that
temperature differences of 11.65 and 14.22°C are recorded for
ambient temperatures of 37.3 and 41.2°C, respectively, for
water shower mode of operation. However, slightly higher
temperature differences of 12.58 and 14.28°C are obtained
with the combined mist injection and water shower mode of
operation for ambient temperatures of 37.3 and 41.2°C,
respectively. A linear regression representation of the
temperature difference across the heat exchanger as a function
of ambient DBT for the experimental range gave excellent
correlation coefficients, above 0.93, for all the modes of
operation.
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4.3 The effect of high relative humidity on the temperature
difference

The change of the temperature difference across the heat
exchanger for different modes of operation for relative
humidity greater than 40% is presented in Figure 6. Direct
representation of the temperature difference across the heat
exchanger as a function of ambient DBT for the experimental
range gave excellent correlation coefficients, above 0.94 in all
cases. For the experimental temperature range of 26-44°C, the
water shower mode of operation and combined water shower
and mist injection achieve higher temperature reductions
across the heat exchanger than the mist injection mode. The
water shower mode of operation is observed to be the most
efficient mode of operation for these conditions. For the
temperature range of 26-44°C, the water shower mode of
operation achieved the minimum and maximum temperature
reductions across the heat exchanger of 5.93 and 12.62°C,
respectively.
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Figure 6. Temperature difference variation with a relative
humidity greater than 40% in different modes of operation

The temperature differences across the heat exchanger are
calculated for each mode of operation from the linear
regression equations obtained by modeling and curve fitting
the experimental data. The results are then used to identify
which mode of operation would provide the best performance
in terms of temperature reduction across the heat exchanger.

It is found that when ambient relative humidity is less than
20%, the water shower mode of operation provides higher
temperature reductions across the heat exchanger than the
other two modes. For ambient relative humidity in the range,
20-40%, the combined mist injection and water shower mode
of operation is the best performing for maximizing the
temperature reduction across the heat exchanger until the
ambient DBT reaches 42°C, above which the water shower
mode provides higher temperature reductions than the
combined mist injection and water shower mode.

In conditions when the ambient relative humidity is higher
than 40%, again the water shower becomes the best mode to
operate in, to maximize temperature reduction across the heat
exchanger.

4.4 Temperature difference variation with relative
humidity at ambient temperatures between 28°C and 40°C

In the case of ambient temperature between 28°C and 40°C,
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the ambient relative humidity effect on the temperature
difference for the different modes of operation is presented in
Figure 7. The combined mist injection and water shower mode
are more effective than the water shower and the mist injection
modes operating separately.

It was found that for the mist injection mode of operation,
the temperature reduction across the heat exchanger improved
slightly as ambient relative humidity increased. The
improvement in temperature reduction across the heat
exchanger as relative humidity increases is contrary to what
was expected. A possible reason for the observed unexpected
trend of the mist injection mode of operation is the relatively
low number of data points obtained for this mode of operation.
However, for the water shower and the combined mist
injection and water shower modes of operation, as expected
and for reasons previously stated, the temperature reduction
achieved across the heat exchanger reduced with increasing
ambient relative humidity. The highest temperature reduction
achieved by the combined mist injection and water shower
mode of operation is found to be 15°C at a relative humidity
of 22%, which gradually reduces to 11.8°C when the ambient
relative humidity reaches 42%. These values compare very
well with the published data, where a maximum reduction in
the temperature difference was 7.1 to 13.9°C [7], and 11.6
[28]. Linear regression representation of the temperature
reduction as a function of ambient relative humidity for the
experimental range gave correlation coefficients of 0.9554,
0.9505, and 0.8134, respectively, for the water shower, mist
injection, and combined mist injection and water shower
modes of operation.
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Figure 7. Temperature difference variation with relative
humidity for ambient temperature between 28-40°C with
different modes of operation

4.5 FAHU water consumption assessments

The water consumption of the EC cycle in the FAHU
depends on ambient temperature, relative humidity, water
retention properties of the heat exchanger, and the mode of
operation. This study considered only the ambient conditions
and mode of operation in the assessments of water
consumption of the FAHU. The variation of the water
consumption of the FAHU with ambient DBT at a relative
humidity of 25% is shown in Figure 8. As expected, the
combined mist injection and water shower mode have the
highest water consumption amongst the three modes of
operation. It was also found that for ambient DBT higher than
40°C, the mist injection mode performs better than the water



shower mode. The difference in water consumption between
these two modes progressively increases with increasing
ambient DBT. On the other hand, for ambient temperatures
lower than 40°C, the water shower mode performs better than
the mist injection mode when these two modes operate
separately. Linear regression representation of the water
consumption as a function of ambient DBT for the
experimental range gave excellent correlation coefficients,
above 0.90 for all modes of operation.
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Figure 8. Water consumption variation with ambient
temperature for different modes of operation

A notional dry condition design point referred to as the peak
DBT design condition (ambient temperature of 45°C and 10%
relative humidity) was arbitrarily selected for comparison of
the water consumption of the three modes of operation of the
FAHU. The water consumption of the FAHU for various
modes of operation at the peak DBT design condition was
determined from experimental measurements, and these are
shown in Figure 9. The highest water consumption of
34.29kghand the lowest of 21.82kgh* was recorded for the
combined mist injection and water shower, and the mist
injection mode of operation, respectively.

e e T T SR ¥ B = ]
Lo T ¥ R o T O o T L o

Mist
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Water
Shower

o

Mode of Operation

Figure 9. Water consumption comparison for different
modes of operation at 45°C and 10% RH

The difference in water consumption between the water
shower and the mist injection modes of operation at the peak
DBT design condition is 2.18 kg.h*, while the difference
between the water shower and the combined mist injection and

246

water shower modes is 10.29 kg.h™. These differences could
be a massive quantity of water if the FAHU operated in dry
conditions for prolonged periods. It was stated earlier that
when ambient relative humidity is less than 20%, the water
shower mode of operation provides higher temperature
reductions across the heat exchanger than the other two modes.
Hence, for optimizing the FAHU as a whole, it is logical that
a compromise is established between the conflicting demands
of water consumption and temperature reduction across the
heat exchanger for the FAHU in ambient conditions of relative
humidity less than 20%. Depending on the degree of overall
benefit, it may be more practical to operate the FAHU in the
mist injection mode, which has a lower water consumption
rate under these conditions.

The variation of the water consumption of the FAHU with
ambient relative humidity is shown in Figure 10. As the
relative humidity increases, the evaporation rate of water
decreases, and the water consumption decreases. As expected,
the combined mist injection and water shower mode have the
highest water consumption amongst the three modes of
operation. It was also found that for ambient relative humidity
higher than 40%, the water shower mode performs better than
the mist injection mode from the angle of water consumption.
The difference in water consumption between these two
modes progressively increases with increasing ambient
relative humidity. On the other hand, for ambient relative
humidity lower than 40%, the mist injection mode performs
better than the water shower mode, from a water consumption
perspective, when these two modes operate separately. Linear
regression representation of the water consumption as a
function of ambient relative humidity for the experimental
range gave good correlation coefficients above 0.87 for all
modes of operation of the FAHU.
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Figure 10. Water consumption variation with ambient
relative humidity for different modes of operation at 45°C
and 10% RH

Similarly, a notional wet condition design point referred to
as the peak WBT design condition (ambient temperature of
40°C and 60% relative humidity) was arbitrarily selected for
comparison of the water consumption of the three modes of
operation of the FAHU. The water consumption of the FAHU
for the various modes of operation at the peak wet-bulb design
condition was determined from experimental measurements,
and these are shown in Figure 11. For these conditions, the
highest water consumption of 24 kg.h"* was recorded for the
combined mist injection and water shower mode of operation,



while the lowest was 9.9 kg.h* for the water shower mode of
operation mode.
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Figure 11. Water consumption comparison for different
modes of operation at 40°C and 60% RH

It was found earlier that when ambient relative humidity is
higher than 40%, the water shower mode of operation provides
higher temperature reductions across the heat exchanger than
the other two modes. Hence, for optimizing the FAHU as a
whole, it is clear that the water shower mode of operation
provides the best performance from the angles of water
consumption and temperature reduction across the heat
exchanger for the FAHU in ambient conditions of relative
humidity greater than 40%.

4.6 FAHU energy consumption assessments

The energy-saving potential of EC makes it attractive to use
in ventilation and air conditioning applications. This study
assessed the energy consumptions of the various modes of
operation of the investigated FAHU at the notional peak DBT
and WBT design conditions described earlier. The energy
consumptions of the various modes of operation of the FAHU
at the peak DBT design condition were determined from
experimental measurements, and these are shown in Figure 12.
The highest energy consumption of 2.7 kwWh was recorded for
the combined mist injection and water shower mode, while the
lowest of 1.64kWh was recorded for the water shower mode
operating separately.
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Figure 12. Energy consumption comparison for different
modes of operation at 45°C and 10% RH
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At peak DBT design condition, the water shower has the
lowest energy consumption amongst the different modes of
operation. Further, it was stated earlier that when ambient
relative humidity is less than 20%, the water shower mode of
operation provides higher temperature reductions across the
heat exchanger than the other two modes. Hence, for
optimizing the FAHU as a whole, it is clear that the water
shower mode of operation provides the best benefits in terms
of both energy consumption and temperature reduction across
the heat exchanger, in ambient conditions of relative humidity
less than 20%.

Similarly, the energy consumptions of the various modes of
operation of the FAHU for the peak WBT design condition
were determined from experimental measurements, and these
are shown in Figure 13. For these conditions, the highest
energy consumption of 2.83kWh was recorded for the
combined mist injection and water shower mode of operation,
while the lowest of 1.86kWh was recorded for the water
shower mode of operation mode.
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Figure 13. Energy consumption comparison for different
modes of operation at 40°C and 60% RH

At peak WBT design condition, the water shower has the
lowest energy consumption amongst the different modes of
operation. Further, it was stated earlier that when ambient
relative humidity is higher than 40%, the water shower mode
of operation provides higher temperature reductions across the
heat exchanger than the other two modes. Hence, for
optimizing the FAHU as a whole, it is clear that the water
shower mode of operation provides the best benefits in terms
of both energy consumption and temperature reduction across
the heat exchanger, in ambient conditions of relative humidity
greater than 40%.

4.7 The selection of the process control logic of the FAHU

The theoretically desired ideal cooling performance of the
FAHU under given ambient conditions would result if the
highest temperature reduction across the heat exchanger,
lowest water consumption, and lowest energy consumption
co-occurred. However, it is seen from the results of this study
that no single mode of operation would provide peak values of
these attributes in all ambient conditions.

Therefore, based on the analysis of the experimental data, a
preferred process control logic of operation is determined for
the FAHU when operating in various ambient conditions. The
preferred process control logic of operation takes into account
the temperature reduction across the heat exchanger, water



consumption, and energy consumption of the various modes
of operation. It identifies the most effective mode of operation,
which would maximize cooling performance.

The results suggest that, for a low ambient relative humidity
of less than 20%, the water shower mode should be
implemented. For ambient relative humidity between 20% and
40%, the combined mist injection and water shower mode are
the most effective. Whereas for relative humidity higher than
40%, the water shower mode is more effective than the other
two modes.

On the other hand, for ambient DBT of less than 28°C, the
water shower mode should be implemented. The combined
mist injection and water shower mode are also suggested for
ambient DBT higher than 20°C.

In order to refine the process control logic and make it more
comprehensive, detailed quantitative assessments, which take
into account the three cooling performance variables (i.e.,
temperature reduction across the heat exchanger, water
consumption and energy consumption), of the benefits
provided by each mode of operation under given ambient
conditions are needed.

5. CONCLUSION

In the present work, an experimental investigation of the
performance of a DIEC FAHU is presented for harsh ambient
conditions experienced in Qatar. The ambient temperature,
relative humidity, water, and energy consumptions were
recorded and analyzed for the period from August 2018 to July
2019.

For the range of the experimental data considered, it was
found that the highest temperature reduction of 18.8°C was
achieved across the heat exchanger for the tested FAHU when
the water shower mode was implemented at ambient DBT of
44°C and relative humidity less than 20%. At these conditions,
the mist injection mode and the combined mist injection and
water shower mode achieved temperature reductions of
12.84°C and 18.32°C, respectively.

The results from the tested FAHU showed that water
consumption increased with increasing ambient DBT. For the
peak DBT design condition, the mist injection mode had a
water consumption of 21.82 kg.h™, which reduced to 15 kg.h-
! at the peak WBT design condition. The water shower mode
of operation had a water consumption of 24 kg.h'* and 9.9 kg.h-
! for the peak DBT and peak WBT design conditions,
respectively.

The energy consumptions for the various modes of
operation were compared at two design conditions, i.e., a peak
DBT condition (45°C, 10% RH) and a peak WBT condition
(40°C, 60%RH). The lowest energy consumption of 1.64 kWh
occurred with the water shower mode operated at peak DBT
design condition. On the other hand, the energy consumptions
for the mist injection mode of operation were 1.89 kWh and
2.15 kWh for the peak DBT and peak WBT design conditions,
respectively. At these design conditions, the energy
consumptions of the combined mist injection and water
shower mode of operation were 2.7 kWh and 2.83 kWh,
respectively.
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NOMENCLATURE

Op, in Primary air inlet DBT (°C)

Os, in Secondary air inlet DBT (°C)

Op, out Supply air DBT (°C)

0s, out Secondary  air outlet DBT/Exhaust
temperature (°C)

Op, out, HE Primary air outlet DBT after heat exchanger
(°0)

0s, out, HE Secondary air outlet DBT after heat
exchanger (°C)

Op, in, wo Primary air inlet WBT (°C)

ABp Primary air stream DBT difference (°C)

ABs Secondary air stream DBT difference (°C)

AXp Primary air stream humidity ratio difference
(gkg™)

AXs Secondary air stream humidity ratio
difference (g.kg™?)

Edb & Ewb Dry & Wet Bulb Effectiveness of heat
exchanger

Ty in Water Flow rate — water shower (kg s*m
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DBT
DEC
E/A
EAF
EC
FAHU

Dry bulb temperature
Direct Evaporative Cooling
Exhaust Air

Exhaust Air Fan
Evaporative Cooling

Fresh Air Handling Unit

IEC
IDEC
HEX
SIA
SAF
WBT
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Indirect Evaporative Cooling
Indirect/Direct Evaporative Cooling
Heat Exchanger

Supply Air

Supply Air Fan

Wet bulb temperature





