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Abstract: An experimental investigation of the performance of a fresh air handling unit integrating
indirect evaporative and vapor compression cooling is conducted. Temperature and relative humidity
measurements at main points within the cooling unit were logged using a wireless data acquisition
system. Experimental data downloaded from the acquisition system is used for linear regression
analysis, and to calculate the wet-bulb thermal effectiveness, cooling capacity and coefficient of
performance of the unit. The air conditioning unit is a patented system designed and assembled at the
Gulf Organisation for Research and Development (GORD) in Qatar. The peak wet-bulb thermal
effectiveness of the system was found to be 1.3, and the COP was 3.4. The results showed that the
unit could save as nearly 60% of the sensible cooling load required by a conventional vapor
compression cooling unit. In addition, the unit could reduce power consumption by 36% when
utilizing the indirect evaporative cooling cycle. Depending on ambient conditions, the investigated
unit generated enough condensate to meet the water requirements of the indirect evaporative cooling
cycle, which made the air conditioning system sustainable.

Keywords: indirect evaporative cooling; temperature effectiveness; energy saving; Wet-bulb
thermal effectiveness; condensate generation

Nomenclature: COP: Coefficient of Performance; DEC: Direct evaporative cooling; DX: Direct
expansion; DX + WS: Direct expansion and water shower; E/A: Extract air; EAF: Extract air fan;
FAHU: Fresh air handling unit; EC: Evaporative cooling; IDEC: Indirect, direct evaporative cooling;
IEC: Indirect evaporative cooling; RH: Relative humidity; MVC: Mechanical vapour compression;
Ppx: Power consumption of DX cooling cycle; Ppns: Power consumption of fans; Ppymps: Power
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consumption of pumps; Q: Total cooling load (kW); S/A: Supply air; SAF: Supply air fan; T/H:
Temperature and humidity sensor; T/S: Temperature sensor; € wbT: Wet-bulb thermal effectiveness;
AT: Temperature difference; ATpx. Temperature difference across the heat exchanger; ATpx:
Temperature difference DX cooling coil

1. Introduction

Energy consumption due to air-conditioning applications in residential buildings in hot and
humid or dry climates combined with the need to provide outdoor cooling in places such as
walkways, stadiums, and external seating spaces for some restaurants drives, is significant. It is
reported that the electrical load for cooling residential buildings alone approaches 70% of the total
energy consumption. This vast energy consumption means that air conditioning of buildings
contributes vast amounts of carbon dioxide and GHG emissions, which have a substantial adverse
impact on the environment. The current use of energy in such proportions is unsustainable, therefore,
to control and limit this exploding use of energy, there is a coordinated, but challenging, global effort
to drive towards green buildings.

Globally, buildings account for more than 60% of the total consumption of energy, where
residential facilities account for 40%; however, it varies from country to country as reported by
several researchers [1-3]. The residential sector alone in the Middle East takes up 70% of the
buildings energy consumption [4]. From a research perspective, significant effort is expended in
investigating and developing new solutions for cooling and air conditioning of buildings. The
research effort included the investigation of the utilization of renewable solar and other forms of
waste energy in air conditioning cycles and using new refrigerants to enhance the system
performance and have a compact refrigeration system [5-8]. One of the most significant recent
developments in this area is the evolution of indirect evaporative cooling (IEC) systems. These are
energy-efficient and eco-friendly substitutes for traditional vapor-compression air conditioning
systems [9,10]. IEC systems come in a variety of configurations described mainly by the processes
of heat and mass flow in the plate heat exchanger, i.e. parallel flow [11,12], counter-flow, crossflow,
and other heat surface geometry that would enhance the heat transfer rate and improve the system
performance [13—15]. The study of IEC systems attracts interest from many angles, including
cooling capacity, wet-bulb thermal effectiveness, coefficient of performance, energy saving, water
and power consumption, carbon dioxide, and others. While some researchers have focussed on
experimental studies, others have pursued the development of mathematical models in the study of
IEC systems. Evaporative cooling highly depends on climatic conditions and, several studies in the
literature cover the application of IEC in hot/dry and hot/humid climates.

In recent years, there have been notable advancements in other types of IEC systems, such as
the revolutionary Maisotsenko Cycle or M-Cycle and different regenerative configurations [16,17].

The IEC performance in hot climates was investigated and reported that the application of IEC
as a pre-cooling module in air conditioning systems in humid and hot climates is still at a developing
stage [18,19]. Simulation of a cooling cycle based on indirect/direct evaporative cooling (IDEC) was
provided to estimate the performance characteristics of the system [20,21]. The simulation provided
a way to estimate the performance characteristics of the system. Also, they showed that the COP of
the combined system was 120% better than the performance of separate configurations. Substantial
temperature reductions (up to 25 °C) of the air flowing across the heat exchanger could be achieved
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with specific configurations of evaporative cooling systems, irrespective of the wet-bulb
temperature of ambient air, and a simplified linear regression model of an IEC system using
experimental data [22,23]. The arrangement of components in an IEC unit affects the performance of
the unit and the behavior of the heat exchanger for simultaneous cooling and dehumidification. The
results of a comparison with a phenomenological model showed only minor deviations (less than 5%)
from which they concluded that their model could be appropriate to be executed in simulation
software tools for evaporative cooling [24,25]. The effect of water spray configuration on the
performance of an indirect evaporative cooling ventilation system was investigated, and the results
indicated that the combined mode of operation performed better than the other two modes [26].

Furthermore, various types of materials could be used as a medium in IEC systems were studied
to find their ability to hold shape, compatibility with a waterproofing coating, durability,
compatibility with, risk of contamination as well as cost, are more significant than the thermal
properties [27,28]. An analytical assessment of the energy-saving ability of and IEC compared to a
traditional packaged air-conditioning unit was presented, and the results showed that the power
requirement of the conventional package unit is 4.5 times more than is required for the IEC, to
produce the same amount of cooling capacity [29]. Experimental and theoretical investigations were
conducted to evaluate the system performance based on an IEC to pre-cool air for a conventional
packaged air conditioning unit. It was found that the combined system saved more than 60% of the
cooling load relative to the traditional air-conditioning unit [30,31]. The energy consumption of an
IEC unit for fresh air-conditioning applications was analysed, and it was reported that the electrical
load on the system was reduced by 80% compared to the demand for a traditional refrigerant-based
cooling system [32].

Water consumption is the main downside of evaporative cooling techniques in engineering
applications and air conditioning units. Researchers such as [33,34] have investigated water
consumption aspects of the use of indirect evaporative cooling. Some reports suggested that the
cooling capacity of the IEC heat exchanger, sprayed with only 0.004 kg.s™ of water, was twice as
much as that obtained when the heat exchanger operates in dry mode.

In light of the above mentioned state-of-the-art literature review, there is still a lack of
knowledge in water usage in different modes of operation (direct expansion (DX), water shower, or
the combination of DX and water shower) in the evaporative cooling system that is used in different
climatic conditions. Therefore, the present study aims at investigating and identifying the best
operation mode with the least amount of water consumption at the prevailed ambient conditions.
Furthermore, it is of interest to address the water consumption in the evaporating cooling systems for
hot and arid ambient conditions experienced in GCC countries, and particularly in Qatar. The
availability of such information will help in the selection of the best operating sequence and control
of the evaporating cooling system to save water.

The present study investigates the cooling performance and energy savings of a new air handling
technology, which was patented by Gulf Organisation for research and Development (GORD) in
Qatar when operating in a variety of ambient conditions. The new technology integrates direct
expansion (DX) cooling and IEC cycles. This study aims to pave the way for the development of a
complete sequence of operation of the new technology. The most efficient combination of operating
parameters will be investigated to find the minimum energy consumption and maximum condensate
generation. The amount of condensed water is evaluated to off-set potable water requirements when
the machine works in diverse ambient conditions. Different combinations of operating conditions,
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including water shower and evaporative cooling, will be studied to find the best performance of the
machine. The performance of the unit will be evaluated based on experimental data collected during
the testing of the machine in the summer season in Qatar, and the energy utilization index (EUI) and
energy cost index (ECI) of the new technology will be estimated.

2. Experimental test setup

The air handling unit was designed, developed, and assembled by researchers at GORD. The air
unit is a new type of air handling unit that uses next-generation cooling technologies. It incorporates
IEC and IDEC cycles, integrated with a vapour compression cooling with DX. In this work, ways to
enhance the energy efficiency and water-saving potential of the cooling unit are investigated.

Figure 1 shows a schematic diagram of the fresh air handling unit with a legend of all points.
Primary airstream at ambient condition (state 1) drawn by the supply air fan enters the heat
exchanger (state 2) and flows through the dry channels in the crossflow heat exchanger in which it is
cooled by conduction as a result of the interaction with the cold surfaces of the heat exchanger (state 3).
The primary airstream (state 3) flows across the direct evaporative cooling water shower, which is
utilized to increase the humidity in cases when the ambient air is too dry (state 4). The temperature
of the primary air is further reduced as it flows across the DX evaporator coil (state 5). The
primary airstream flows across the supply air fan, gaining heat and reaches the desired supply air
condition (state 6) pre-determined as the set-point.

The secondary airstream is drawn into the exhaust section of the air handling cooling unit at
ambient condition (state 7). The secondary airstream undergoes evaporative cooling within the wet
channels of the heat exchanger, thereby reducing the temperature of the primary airstream by indirect
evaporative cooling. The secondary airstream leaving the heat exchanger (state 8) cools down the
condenser of the DX cooling system, which warms the airstream (state 9) before it is discharged to
the atmosphere (state 9).

The air handling cooling unit is also fitted with a separate cycle that can cool the vapor
compression system condenser evaporatively by using a water shower. A simplified self-explanatory
schedule of components included in the unit is given in Table 1.
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Figure 1. Schematic diagram of the experimental set-up with the sensors.

Table 1. Schedule of main parameters of the experimental test rig.

Supply air fan Centrifugal type. Airflow 13,000 CFM

DX Evaporator (R-410A) 8 rows, 13 fins per inch. Evaporator motor 2 at 5.7 kW

DX Condenser Axial flow with 900 RPM

Extract air fan 13,000 CFM

Heat exchanger Aluminum Crossflow type, plate thickness 0.15 mm, plate
conductivity 0.22 kW.m™ K!

Water shower pump Submersible pump: flowrate 5.5 kg.s”at 17.4 m

Condenser water pump Submersible pump: flowrate 0.67 kg.s” at 38 m

3. Experimental methodology

The experiments are conducted at a fixed volumetric flow rate of 13000 CFM for the supply and
secondary air flows. The water shower and condenser pump flow rates are 5.5 and 0.67 kg.s™,
respectively. The setpoint temperature and relative humidity of the supply air are set at 16 °C an 50%,
respectively. Values of temperature and relative humidity at pre-determined vital points within the
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air handling cooling unit are measured using Aranet wireless sensors and logged onto a server. The
temperature sensors have a range of —40 °C to 60 °C and accuracy of 0.4 °C, while the relative
humidity sensor has a range of 0 to 100% with an accuracy of +0.5%. Power consumption is
measured with an energy meter. Data from experimental measurements are utilized for calculating
various parameters that are used for comparing the performance of different cooling cycles. The
thermal performance of evaporative cooling units is often linked to heat and mass processes. In the
present study, the cooling performance of the unit is evaluated using parameters defined by the
following expressions:

(1) wet-bulb thermal effectiveness, €,,,r:

— To1—To2
EWbT_ To1— Twp1 (1)
(i) The total cooling load is:
Q = m* (hoy — ho2) (2)

where Q is the cooling load, hy; and hy; are the supply air enthalpies at states 1 and 2, respectively.

(ii1) The Coefficient of Performance, COP is:

COP = ¢ 3)

PranstPpumpstPpx

where Prags, Ppumps, and Ppx are the power consumed by fans, pumps, and the compressor of the DX.

In the case of DX only operation, the quantity Ppumps 1S €qual to zero.

Linear regression analysis is used to model and represent variations of various aspects of the
cooling performance of the unit, i.e., temperature reduction across the heat exchanger, temperature
reduction across the DX cooling coil, wet-bulb thermal effectiveness, coefficient of performance and
cooling. It is defined as one of the well known statistical methods implemented for finding a
relationship between a dependent and one or more independent variables. The dependent variable, in
this analysis, is the temperature difference, Tux, while the ambient temperature and relative humidity
are the independent variables. The linear regression analysis adopted here aims at finding the
relationship’s strength between the dependent and independent variables. This can be used in
modeling the future relationship between them. The linear regression model can be expressed as
follows:

y=a+tbx+te (4)

where: y—is the dependent variable, X—is the independent variable, a—intercept. b—slope, and e—
residual (error).

Another factor of importance is the correlation coefficient, R, which measures the degree of
association of data. It ranges from + 1 through 0 to — 1. The complete correlation is expressed by the
plus and minus unity. The increase in the dependent and independent variables is indicated by the
positive value, whereas the negative value indicates the increase in one value with a decrease in the
other. It can be calculated as:

R2 = nXxy)- E0Xy) (5)

/ [n(Zx2-C0)2)|n(T y2-(Z¥)?)
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where n is the number of data.

Experimental measurements are taken under similar conditions for the different modes of
operation. Therefore, in terms of comparisons, it is assumed that any factors that affect the
experimental measurements would equally apply to each mode of operation. As such, any such errors
would not affect the results of this study. However, the following broad assumptions are taken:

(1) There is no heat transfer through the surfaces of the experimental test rig since the surfaces are
insulated.

(i) The temperature of the thin layer of water and the plates of the heat exchanger are uniform.

(ii1) Mass and heat exchange processes within the test rig are assumed to be steady.

(iv) The wet channels of the plate heat exchanger are thoroughly wetted by the water shower when it
1s in use.

(v) There is no infiltration or air leakage through joints of the experimental test rig.

(vi) Any unintentional heat transfer or short-circuiting between the primary and secondary air
streams are neglected.

4. Results and discussion

The performance of the new air conditioning unit is evaluated by investigating the effect of
ambient temperature and humidity on the temperature difference across the heat exchanger, Tyx. The
obtained results from the experimental analysis are presented and discussed in the following sections.

4.1. Variation of Tyx with ambient temperature and relative humidity

Figure 2 shows the effect on Tyx of increasing ambient dry bulb temperature when the unit
operates with the DX and water shower cooling cycles. It was noticed that the relative humidity was
in the range of 20-40% in most days of the experiment. In Qatar, the weather condition during
summer is characterized by high temperature and relatively low relative humidity except for a few
days. The relative humidity is in the range of 20-40%. Therefore, in this analysis, the effect of
ambient temperature on Tyx is carried out for these relative humidity ranges. As can be seen from
the Figure, an increase in ambient dry-bulb temperature improves the temperature reduction of the
primary air stream across the heat exchanger. The highest experimentally measured Tyx is found to
be 15.9 °C at the ambient dry-bulb temperature of 45 °C, while the lowest is 3.4 °C, which occurred
at an ambient dry-bulb temperature of 33.5 °C.

AIMS Energy Volume 8, Issue 2, 299-319.
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Figure 2. Variation of Tyx with the ambient temperature.

Similarly, Figure 3 shows the effect of increasing ambient relative humidity on Tyx when the
unit operates with the DX and water shower cooling cycles. It can be seen that the majority of the
experimental data is in the range of 20—40% relative humidity. The temperature reduction of the
primary air stream has a reducing trend as relative humidity increases.

18

Temperature Reduction Across Heat Exchanger

15

12

DX+Water Shower Mode of Operation

y=-0.2013x + 17.81
° R2 = 0.9793

10 20 30 40 50 60 70 80
Ambient Relative Humidity (%)

Figure 3. Variation of Tyx with ambient relative humidity.
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Values of Tyx obtained from the linear regression equations shown in Figures 2 and 3 are
compared with experimentally measured temperature reductions across the heat exchanger. The
linear regression equation of the Tyx as a function of ambient temperature is:

AT,y = 1.0555 T, — 31.797 (6)

where T, is the ambient temperature, and the R? value is 09795, which represents smaller differences
between the measured data and the fitted values.
The linear regression equation of the Tyx as a function of relative humidity is:

AT,z = —0.2013 RH + 17.81 (7)

where RH is the relative humidity, and the R? value is 09793. The obtained data for Tix using Egs (6)
and (7) is compared to experimentally obtained data. The comparison is made for a small sample of
typical ambient conditions to determine which trend best represents the actual temperature reduction
across the IEC heat exchanger in the unit. Table 2 shows the results of the comparison.

Table 2. Comparison of measured and calculated Tyx.

Experimentally Measured Calculated Parameters
Ambient  Ambient
Dry-Bulb  Relative

THXT From

Thx (a) Temperature ((b—a)/a) (%) Tuxr From RH

((c—a)/a) (%)

;l;ecn)qperature (P({/lgnldlty Correlation (b) Correlation (¢)

335 72 3.4 3.56 4.77 3.32 —2.46
35.7 59 5.7 5.88 3.23 5.93 4.09
37.6 48 7.5 7.89 5.20 8.15 8.63
42.3 30 12.5 12.85 2.81 11.77 —5.83
45.0 13 15.9 15.70 -1.25 15.19 —4.45

It 1s found that the deviations between measured values of Tpx and those calculated from the
linear regression equations (Figures 2 and 3) are less than 10% in all cases. The correlation of Trux
with ambient temperature gives a better approximation than does the relationship with ambient
relative humidity. Therefore, for the unit, it is better to estimate Tyx from the temperature correlation
equation.

4.2. Variation of Tpx with ambient temperature and relative humidity

Figure 4 shows that the temperature reduction across the DX cooling coil (Tpx) increases when
the ambient temperature increases for both the DX only and DX with water shower modes of
operation. For the variation of Tpx with ambient dry-bulb temperature, the results suggest that for the
unit, there is a constant difference of about 7.5 °C in the temperature of the primary air stream
between the two modes of operation for the given operating conditions. The temperature difference
Tpx is directly proportional to the sensible cooling load across the DX cooling coil. Over the
experimental operating conditions, this suggests that when the ambient temperature is 37 °C, the DX
with water shower mode would require about 67% less temperature reduction (i.e., sensible cooling)
across the DX cooling coil than does the DX only mode of operation. At an ambient temperature
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of 45 °C, the saving in temperature reduction (sensible cooling) amounts to 50.6%, compared to that
required by the DX only mode to achieve the same supply air setpoint.

Temperature Reduction Across DX Cooling Coil
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Figure 4. Variation of Tpx with the ambient temperature.

However, when the variation of Tpx is considered against the ambient relative humidity (Figure 5),
the difference in a temperature reduction of the primary air stream across the DX cooling coil, for the
two modes of operation, decreases with increasing relative humidity. It is determined from Figure 5
that when the ambient relative humidity is ten % RH, the DX with water shower requires 52.5%
temperature reduction (sensible cooling) across the DX cooling coil, which reduces slightly to 51.8%
when the ambient relative humidity is 50% RH, compared to the amount of sensible cooling required
by the DX only mode of operation.
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Figure 5. Variation of Tpx with ambient relative humidity.

Figure 6 shows the variation of the unit COP with ambient dry-bulb temperature. It is found that
the use of the water shower improves the COP of the unit. The difference between the COPs of the
two modes of operation remains constant with increasing ambient dry-bulb temperature. The highest
COP of the DX with water shower mode is found to be 3.45, while that of the DX only mode is
found to be 2.07. As ambient dry bulb temperature increases, more evaporation of water is expected
to occur, which would increase the evaporative cooling performance of the unit and reduces the
cooling load on the DX cooling coil.
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Variation of COP with Ambient Dry-bulb Temperature
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Figure 6. Variation of COP with ambient dry bulb temperature.

The cooling performance of the unit was also considered by calculating the wet-bulb thermal
effectiveness of the heat exchanger. As expected, the cooling capacity of the unit increases with
increasing wet-bulb thermal effectiveness of the IEC heat exchanger. With an increase of wet-bulb
thermal effectiveness from 0.4 to 0.8, it was found that the COP increases by approximately 14.5%,
while the cooling capacity increases by 8.8%. For both the COP and cooling capacity to increase
over a given range of wet-bulb thermal effectiveness, it means the power consumption associated
with increasing wet-bulb thermal effectiveness of the unit from 0.4 to 0.8, must therefore decrease.

Figure 7 illustrates the decreasing trend of variation of wet-bulb thermal effectiveness with dry-
bulb temperature. The trends are represented by polynomial regression curves for which excellent
correlation coefficients were obtained. For ambient relative humidity greater than 30% RH, the
curves merge at a dry-bulb temperature of 31.8 °C. The trends also show that the wet-bulb thermal
effectiveness of the unit improves with increasing ambient relative humidity. Figure 7 also suggests
that the unit has its lowest limiting wet-bulb thermal effectiveness when the ambient dry-bulb
temperature reaches 31.8 °C in ambient conditions with relative humidity above 30% RH.
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An illustration of the variation of the wet-bulb thermal effectiveness of the unit with ambient
wet-bulb temperature is shown in Figure 8. In general, the unit achieves given effectiveness at higher
temperatures in more humid conditions than it does in lower relative humidity conditions. Also, for
the given operating conditions, at a given wet-bulb temperature, the unit achieves higher wet-bulb
thermal effectiveness in less humid conditions.
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The variation of Tyx with wet-bulb thermal effectiveness is such that Tyx increases with
increasing wet-bulb thermal effectiveness. As Tyx increases, the load on the DX cooling coil reduces,
and this leads to the unit requiring less energy to drive the compressors than it does in the DX only
mode of operation.

4.3. Comparison of total cooling loads between two modes of operation

In the air handling cooling unit, the total cooling load is shared between the indirect evaporative
cooling heat exchanger and the DX cooling coil. However, in the practice part, the cooling capacity
of the machine is lost in of-setting losses, such as the heat gain across the supply air fan. Table 3
shows the total cooling loads calculated using equation 2 for the two modes of operation when
working in various ambient conditions. In Table 3, a small sample of selected representative ambient
conditions is used as the basis of comparison. The actual temperatures and relative humidity
measured during the experiments, from which the representative ambient conditions are
approximated, are included in Table 3.
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Table 3. Total cooling loads at various ambient conditions.

Total Cooling Cooling  Saving

Rep r@sentatlve Mode of Measured Measured Cooling  Load Load meo
Ambient X Temperature on DX  Cooling
.\ Operation RH (%)  Load on HX .
Conditions (°C) (kW) (kW) Coil Load
&W) (%)
DX 41.5 25 91.26 10.92 80.34
O o
41 °C/25% RH DX+WS  41.2 25 113.25 53.86 59.39 35.28
DX 39.1 35 94.66 3.67 90.99
[©) 0
39.4°C/35% RH DX+WS  39.6 35 116.21 44.45 71.76 26.80
DX 37.8 52 82.37 1.20 81.17
[®) 0
38:57C/50% RH DX+WS  39.1 51 96.73 28.72 68.01 19.35

For the given ambient conditions, the cooling performance, in terms of the total cooling load, of
the unit increases when operating with the IEC cycle. For instance, in relatively dry ambient
conditions (41 °C/25% RH), the unit provides 113.25 kW with the IEC cycle compared to 91.26 kW
when the DX cooling cycle operates alone. The contribution of the IEC cycle to the total cooling
ability of the unit diminishes with increasing ambient relative humidity. This behavior is expected, as
can be seen from Figure 3, which shows a reduction in Tyx as ambient relative humidity increases. It
is found that when using the DX with water shower mode in relatively dry ambient conditions
(41 °C/25% RH), the DX cooling cycle provides 52% of the total cooling requirement. The
contribution of the DX cooling cycle increases as ambient conditions become more humid, i.e.,
reaching 70% when ambient conditions are 38.5 °C and 50% RH. The amount of the total cooling
load saved with the use of the water shower at various ambient conditions is given in Table 3. For the
representative ambient conditions selected for comparison, the saving in total cooling load is 35.28%
in dry conditions (41 °C/25% RH), which decreases to 19.35% in ambient conditions of 38.5 °C and
50% RH.

4.4. Comparison of power consumption between two modes of operation

The experimentally measured power consumption of the unit, when operating with only the DX
cycle, and that required for the combined DX and water shower at several representative ambient
conditions are presented in Table 4. The representative ambient conditions are approximated from
actual experimentally measured parameters (also shown in Table 4). For the range of parameters
considered, the highest power consumption of the unit, when operating with the DX cooling cycle
only, is 49.96 kWh, which occurred in ambient conditions of 39.7 °C and 34.5% RH. The
corresponding power consumption when working with the combined DX and water shower mode is
33.34 kWh.

AIMS Energy Volume 8, Issue 2, 299-319.



314

Table 4. Power and water consumptions at various ambient conditions.

. Measured Power Condensate
Representative Mode of Measured .
Ambient Conditions  Operation Temperature RH (%) Consumption Generated
(°O) (kWh) (kg/h)
DX 41.30 15.00 45.74 0.00
o) 0
43 °C/15% RH DX+ WS 4430 15.00 31.87 -
DX 41.60 25.00 43.33 0.00
o) 0
42 °C/25% RH DX+ WS 41.80 26.00 32.26 0.00
DX 39.70 34.50 49.96 33.08
[¢] 0
39.7°C/33% RH DX+ WS 39.75 32.00 33.34 42.50
DX 39.90 22.00 45.83 32.00
o) 0
39 °C/28% RH DX+ WS 38.60 34.00 34.84 42.00
DX 39.20 36.00 45.68 30.00
o) 0
39°C/37% RH DX+ WS 39.30 38.00 33.50 -
DX 36.90 43.00 44.80 52.63
o) 0
37°C/45% RH DX+ WS 37.60 48.00 32.88 56.00

A comparison of the power consumption can be seen in Figure 9. It is found that the unit
consumes more power when operating with the DX cycle than when it engages with the DX and
water washer in combination. Using the water shower provides a saving in power consumption,
which reduces with increasing ambient relative humidity for a given temperature. The most
significant saving in power consumption, based on the representative ambient conditions, is found to
be 49.85%, at an ambient temperature of 39.7 °C, and relative humidity of 33%. The saving in power
consumption reduces to 43% in dry ambient conditions of 43 °C and 15% relative humidity. At 37 °C
and 45% RH, the power saving is 36.3%.
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4.5. Condensate generation by DX cooling coil

Another attractive feature of the unit machine is that, depending on ambient conditions, it can
generate enough quantities of condensate that can be reused for indirect evaporative cooling
purposes, thus eliminating or significantly reducing the amount of potable water required. This
potential to save water adds to enhance the sustainability credentials of the unit technology. The
quantity of condensate generated by the unit when operating, in DX only and DX with water shower
modes of operation, at typical ambient conditions is presented in Table 4.

Studies are scarce, in the literature, done to quantify the self-sufficiency of IEC systems
concerning water consumption, and by considering condensate generation capabilities. Figure 10
shows an assessment of the condensate generation rates of the unit when it operates in the DX only
and the DX with water shower modes.

Condensate generation in various ambient conditions
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39degC/28%RH 39.7degC/33%RH 37degC/45%RH

Ambient Conditions

Figure 10. Comparison of condensate generation rates.

It is found that across the range of selected representative ambient conditions, the DX with
water shower mode of operation generally generates more condensate than the DX only mode when
ambient conditions permit. In the experimental operating conditions, the highest condensate
generation rate of the DX with water shower mode is found to be 56 kg/h, while that of the DX, the
only mode is 52.63 kg/h, both occurring in ambient conditions of 37 °C and 45% RH. In drier
ambient conditions, the unit generates 31.3% more condensate with the DX with water shower mode
than it does with the DX, the only mode of operation. For similar ambient dry-bulb temperature, the
unit generates more condensate when the ambient relative humidity is higher.

An earlier study by researchers at GORD suggested that the average amount of water needed for
indirect evaporative cooling in a diverse range of ambient conditions by a similar fresh air handling
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unit, of half the airflow capacity of the unit is around 20-22 kg.h. It is reasonable, therefore, to state
that the unit can successfully off-set its potable water consumption when ambient conditions permit.

As the wet-bulb thermal effectiveness of the heat exchanger increases, the rate of condensate
generation would decrease for given operating conditions. The decrease in the rate of condensate
generation is because, as the wet-bulb thermal effectiveness of the heat exchanger increases, the IEC
heat exchanger provides more cooling of the primary airstream. Hence, the cooling load imposed on
the DX cooling coil is reduced, leading to the reduced potential of condensate generation. There is,
therefore, a conflict between the factors that influence the cooling performance and water
sustainability aspects of the unit. For instance, when wet-bulb thermal effectiveness increases, the
temperature reduction across the heat exchanger increases, as does the cooling load/COP, while the
ability of the unit to generate condensate, which could be used for the IEC cycle, diminishes. There
must, therefore, be a compromise point at which the unit provides net benefit from both the energy-
saving and water-saving perspectives. However, determination of such an optimized point of
operation is outside the scope of the present study.

4.6. System energy performance assessment

Researchers used several techniques to evaluate the performance of new refrigeration cycles and
equipment, including payback period, net present value, return on investment, COP, energy
efficiency ratio (EER), and seasonal energy efficiency ratio (SEER) [35-37]. In the present work, the
energy savings assessment of the new technology will be carried out using COP, EER, and SEER.
The EER is related to the COP as follows:

EER = 3.41 = COP (8)

The SEER is usually used to estimate the relative amount of energy needed to provide a specific
cooling output, and it is expressed in BTU/Wh. It represents the expected overall performance for a
typical year's weather in a given location, and it is evaluated at the same indoor temperature, but over
a range of outside temperatures of (18—40) °C the relationship between EER and SEER is as follows:

SEER = (1.12 - /(1.2544 — 0.08 = EER) ) /.04 9)

The values of COP, EER, and SEER For the tow modes of operation at three climate conditions
are presented in Table 5.

Table 5. Performance characteristics of the operational modes.

Ambient conditions DX Dx + WS

COP EER SEER COP EER SEER
41 °C/25% RH 2.11 7.18 7.39 3.51 12.64 15.67
39 °C/30% RH 1.89 6.46 6.53 3.48 12.55 15.49
37 °C/48% RH 1.83 6.27 6.31 2.94 10.6 12.05

It is clear that the SEER value of the new unit with DX and water shower mode has been
doubled for all ambient conditions considered. The power consumption of the air conditioning unit is
estimated as (1-SEERpx/SEERpxws). For the values under consideration, the savings are in the range
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of 47.6-52.8%. The actual annual saving for the unit is estimated at the cost of $0.09/kWh and is
found to be $6,415.

5. Conclusions

Naturally, there is a conflict between parameters promoting energy-saving and condensate
generation (to offset or replace potable water use), hence a compromise between opposing operating
parameters should be established. This study was set out to experimentally investigate the cooling
performance of a patented air conditioning unit with new technology and considered various
parameters affecting cooling performance as well as condensate water generation by the cooling
cycles. Temperature and relative humidity were measured and recorded at the main points of the air
conditioning unit and logged with a wireless data acquisition system. Linear regression analysis was
implemented to the obtained experimental data, and the correlation coefficient was determined. The
wet-bulb thermal effectiveness, cooling capacity, and system COP were calculated to evaluate the
system performance. The results showed that the new unit had a peak wet-bulb thermal effectiveness
and a COP of 1.3 and 3.4, respectively.

In addition, it was found that:

e The EC cycle could reduce the temperature of the primary airstream by up tol16 °C in ambient
temperatures higher than 40 °C.

e For the experimental operating conditions, when the unit utilized the IEC cycle, the sensible
cooling load on the DX cooling coil was reduced by 67% while the total cooling load was reduced by
38.5%, depending on ambient conditions.

e Also, it was deduced that the air conditioning unit could provide savings up to 36% in power
consumption by using the IEC cycle, in comparison to cooling using only the DX vapor compression
cycle.

e The new technology generated enough condensate to meet the water requirements of the IEC
cycle. For instance, in ambient conditions of 37 °C and 45% RH, the unit produced 56 kg.hr" of
condensate when operating with the DX with a water shower mode of operation.
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