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10 Abstract

Dew-point evaporative coolers based on the Maisotsenko cycle (M-cycle) offer significantly higher en-
ergy efficiency than conventional vapor-compression cooling systems while avoiding refrigerant emissions.
However, their performance depends on airflow configuration, working air ratio, and the recirculation strat-
egy used to generate evaporative cooling. In this study, a commercial-scale cross-flow M-cycle indirect
evaporative cooler with a maximum cooling capacity of 12.2 kW (3.5 tons) was experimentally evaluated
under different airflow and recirculation configurations. The system incorporated two controllable recircula-
tion stages that allowed independent adjustment of the working air ratio, r, and a newly defined working air
distribution ratio, 74, representing the distribution of recirculated air drawn from upstream and downstream
sections of the dry channel. Experiments were conducted across a wide airflow range (100-11,000 m3/hr)
and varying inlet humidity conditions while maintaining constant inlet temperature. The results show that
increasing the working air ratio enhances the temperature drop and dew-point effectiveness but reduces the
coefficient of performance (COP) due to increased fan power consumption and pressure losses. An op-
timal working air ratio of » = 0.33 was identified for maximizing cooling capacity and COP. The study
further demonstrates that preferentially drawing equivalent volumes of recirculated air from downstream
and upstream of the dry channel significantly improves performance. The optimal working air distribution
ratio was found to be 1.1 < r4 < 1.3, yielding the lowest product air temperature and highest COP. These
findings highlight the importance of airflow distribution design in M-cycle heat exchangers and provide
guidance for optimizing recirculation strategies in large-scale dew-point cooling systems.
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1. Introduction

As the average global temperatures rise, so does the energy load on Air-Conditioning and cooling sys-
tems [1]. This has caused a growing need for more energy-efficient cooling solutions to manage the power
load on the grid and control the Carbon emissions associated with Air-Conditioning [2, 3], mitigating Car-
bon emissions to aid the efforts to . There have been significant advancements in improving the energy
efficiency of vapor-compression systems, such as reducing condenser temperatures [4, 5], recovering waste
heat from compressors [6]], incorporating multi-stage evaporation and condensation [7]], and using an ejec-
tor to enhance the vapor uptake from the evaporator [8]. Several improvements have also been made in
evaporative cooling systems. Energy efficiency for evaporative systems is much higher than that for Vapor
Compression systems [9], and, due to the lack of high Global Warming Potential (GWP) refrigerants, CO2

2 emissions from chemical leakage are also non-existent [10]. But the increase in Relative Humidity (RH)

due to evaporation is a major bottleneck limiting the environmental comfort provided by evaporative Air
Conditioning systems [11} [12]].

The improvements in evaporative cooling systems are related to achieving low temperatures without
significantly increasing the Relative Humidity (RH). To achieve this, Indirect Evaporative Coolers (IDECs)
have gained traction as opposed to Direct Evaporative Coolers (DECs) as illustrated in Fig #[T] (a) and
Fig #[1] (b) respectively [[13| [14]. Indirect evaporation achieves low temperatures via evaporative cooling
but without allowing humid air into the space that is being air-conditioned, keeping its RH low [14, [15].

Recirculating
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Channel Channel Channel
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Figure 1: [llustrations of (a) Direct evaporative cooling, (b) Indirect evaporative cooling, (c) Indirect evapo-
rative cooling with dry air recirculation.

orking air
Product air

Working air
Product air

The Maisotsenko cycle (M-cycle) is a type of IDEC that uses multiple passes of indirect cooling of air
to attain a product air temperature that is much lower than the Wet Bulb Temperature (WBT) and ideally
close to the Dew Point Temperature (DPT) [14, [16]. This is achieved by using a part of the indirectly
cooled product air to conduct evaporation. The exergy or cooling potential created by the subsequent cycles
of indirect evaporation continues to drop the product air temperature as briefly illustrated in Fig #[I] (c)
[17, 18]. The temperature drop in an IDEC based on the M-cycle reduces with each subsequent indirect
cooling pass, meaning that the highest temperature drop is achieved as the product air drops from Dry Bulb
Temperature (DBT) to WBT, followed by its drop from WBT to a temperature between DPT and WBT in
the first M-cycle pass, and so on [18} [19]. Fig # Q shows these incremental temperature drops [18, [19].
Fig #[2) further illustrates the thermodynamic principle behind the M-cycle shown schematically in Fig #[]]
(c). While Fig #[I] (c) demonstrates the physical recirculation of cooled product air into the wet channel,
Fig #[2] explains the corresponding psychrometric temperature changes occurring during each recirculation
stage.
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Figure 2: A psychrometric chart showing incremental temperature drops as primary air is sequentially mixed
with working air.

Recent research on the M-cycle has focused on optimizing parameters such as flow rate, cooling capac-
ity, humidity, COP, and dew-point effectiveness across different configurations. Duan et al [20] designed
and experimentally tested a counter-flow REC with vertical channels, reporting wet-bulb effectiveness val-
ues of 0.747-0.820 and energy savings of 13-58% across various Chinese climate zones. Ma et al [21]
developed and real-life tested a 100 kW vertical-channel dew-point cooling system in a live data centre,
achieving an average COP of 29.7 and up to 90% energy savings compared to conventional vapor com-
pression systems. Jradi and Riffat [22] experimentally and numerically evaluated a cross-flow dew-point
cooler with vertical channels, reporting a wet-bulb effectiveness of 112% and dew-point effectiveness of
78% at a working-to-intake air ratio of 0.33. Weragoda et al [23] numerically assessed capillary-driven
evaporative coolers with vertically aligned porous media, finding that wick porosity is the most significant
factor influencing dry-out height and saturation. Wang et al [24], Liu et al [25], and Khalid et al [26] de-
veloped cross-flow and counter-flow dew-point evaporator configurations using vertical channels. Huang
et al [27] compared vertically and horizontally aligned channels for indirect evaporative cooling and found
that IDECs made with vertically aligned channels demonstrated lower specific energy consumption. Xu et
al [28] had the same finding and explained that the gravity assisted water supply in the wet channel leads to
better distribution of water for evaporation.

The airflow configuration through the wet and dry channels also plays a role in the performance of
the dew-point cooler. The channels can flow in parallel-flow, cross-flow, or counter-flow configurations
[19, 29]. Wang et al [24] developed an M-cycle IDEC with a counter-flow configuration, and found that
COP increases proportionally with air flow rate. However, it was found to be at its maximum at a working
ratio of 0.5, defined as the ratio of the working air in the wet channel to the total inlet air [30,29]]. Lin et al.
[31] also developed a cross-flow dew-point cooler with a similar geometry and found that the COP drops
with the cooling capacity and the dew point effectiveness of the chiller.

Although recent studies have extensively investigated M-cycle configurations, flow rates, and working
air ratios, the distribution of recirculated air across different stages of the dry channel has received little
attention. Experimental investigations into this parameter are even scarcer. The working ratios in large ca-
pacity M-cycle chillers are too high, meaning that a significant proportion of the product air is typically lost
to attain a high dew point effectiveness [31,112]. This comes at the cost of a drop in COP [15,132]. Moreover,
the coatings used on the wet channel are typically either not conductive enough or not hydrophilic enough
[17,133]. While material conductivity and wettability of wet channel surfaces present their own tradeoffs,
the more critical and underexplored challenge lies in optimizing the working air ratio and its distribution
across recirculation stages.
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81 This study is aimed at mitigating the aforementioned tradeoffs. An IDEC based on the M-cycle cross-
82 flow was designed, manufactured, and tested for its performance. This was a large-scale unit with a maxi-
83 mum cooling capacity of 12.2 kW or 3.5 Tons. Two recirculation passes were employed with a controllable
84 flow rate for recirculating air to allow for optimization between energy efficiency and overall temperature
85 drop. Instead of using holes in the interface between dry and wet channels for recirculation, offshoot ducts
86 were created to minimize pressure losses and thus the pumping power needed to circulate air. Perforated
87 plates can be used to recirculate air as shown in Fig # 3] (a)[30]. But there is no categorical advantage to
88 using perforations as opposed to forced or ducted recirculation [34]]. Fig #[3] (b) shows the ducts located at
89 different spots in the heat exchanger to recirculate air, forming the recirculation with cross-flow configura-
90 tion used in this study. This is a multi-stage M-cycle configuration since different fractions of the product
91 air can be recirculated to mix with the working air [12].
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Figure 3: Recirculation of product air via (a) perforations in the channels, (b) ducts in the channels.

93 As Fig #[3](b) shows, the unit developed for this study allows us to adjust the flow rate of the recirculat-
94 ing air from different locations (50% of the way and 100% of the way through the dry channel). Using this
95 design feature, the optimal location to draw product air from the dry channel to mix it with the working air
96 was also evaluated.

98 2. Materials and Methodology

99 This section describes the design and construction of the experimental setup, the instrumentation, and
100 the data collection methods.
101

102 2.1. Materials, design, and construction

103 The interface was created using Aluminum 5052 foils ( 2.5% Mg, 0.25% Cr) to provide high conduc-
104 tivity and corrosion resistance when used with tap water (TDS < 200). A 5x6x5 ft (LxWxH) crossflow
105 M-Cycle heat and mass exchanger was designed as depicted in Fig #] (a). This heat and mass exchanger
106 was connected to a water and air distribution system, all packaged into a casing as shown in Fig # 4] (b).
107
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Figure 4: (a) Manufactured heat and mass exchanger, (b) Packaged Dew-point cooler using the heat and mass
exchanger, (c) illustration of laid up sheets allowing cross flow of wet and dry channels.

1.5 mm thick Aluminum sheets were laid up and separated by 0.25" thick rubber panels, laid 2" apart
to keep the structure standing. These rubber pannels were pasted on the Aluminum sheets in alternating
orientations to form a cross-flow configuration as shown in Fig #4] (c).

Each air/water intake channel (dry and wet channel) was thus 30x2x0.25" (LxWxH). A cross-section
of the heat and mass exchanger is illustrated in Fig #[] (a). Two ducts with mechanically controlled flap
valves were installed in the middle and the end of the heat exchanger to draw the desired flow rate of dry
and cooled product air as illustrated in Fig #3] (b). This product air was recirculated and mixed with the
working air flowing perpendicular to the dry channels due to the cross-flow configuration of the heat and
mass exchanger. Finally, this culminated in a packaged IDEC unit as shown in Fig #[4](c).

A Yubinchuang SLG40-100 750 W centrifugal pump was used to circulate water from the bottom of a
1.2 ft chamber at the bottom of the IDEC unit to circulate water through the wet channel. The pump inlet
was placed such that there was a 0.97 ft water head. The water flow rate was measured using an IP6X
mass flow meter attached in series with the piping. Two identical Global Industrial™ B703062 2250 W
centrifugal blowers were used to pump air through the heat and mass exchanger, one for the dry channel

and the other for the wet channel. Further specifications of the rotary equipment is listed in Talbe #[I]
Table 1: Equipment specifications.

Equipment Manufacturer Model Specifications Dimensions (WxHxD)
Digital micrometer  Fowler Xtra-Value I Res: 0.001mm, Acc:40.004mm 9.0"x4.0"x1.5"
Vernier caliper Sangabery S-0802 Max: 6 in, LC: 0.1 mm 9.4"x3.1"x0.6"
Centrifugal fan Global Industrial™ HADP14 3 HP, 1 PH, TEFC, 1575 CFM 8" inlet, 6" outlet
Centrifugal pump SucceBuy ZXQ1000-B 700 W, 4148 GPH, 10 m 6.42"x6.1"x12.52"
Power Analyzer Fluke Corporation 434-11 1-1000 V, 5-6000 A, 0-6 kW 10.1"x 6.7"%x2.5"
Anemometer Metravi instruments AVM-10 Acc: £ 5 m/s, Rng: 0.1-25 m/s 6.14"x2.64"x1.1"
Hygrometer Fisher Scientific 1166120 Acc:£ 2.5, Rng:-10-95% RH 1"x2.5"x10.5"
TDS meter Apera Instruments SX723 Acc: #1% ES, Rng: 0-200 mS/cm  2.6"x4.7"x1.2"
Pressure transducer AUTEX 100psi SS Acc: £1% E.S, Rng: 0-100 Psi 5.91"x3.94x0.98"
Thermocouple Proster Type K Acc: 1.5%, Rng: -50-300°C 5.71"x0.01"x0.01"
Weighing scale Scientific Industries Inc.  AD60 Max: 60g, Res: & 0.001g 9.4"x10.7"x3.6"

2.2. Instrumentation, control, and data collection

The process and product air’s speeds were measured using a Metravi AVM-10 anemometer, and as the
air exited through a 4.5x4.75 ft (LxW) window, the air speed was converted to air volume flow rate using
the wetted surface areas of the dry and wet channel outlet ducts.

5
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The air temperature and humidity were measured using an EGT K-type thermocouple and an SHT20
hygrometer, respectively. Pressure transducers and thermocouples were installed at the beginning, 25%,
50%, 75%, and 100% of the way in both the dry and wet channels to measure the pressure and temperature
drop. However, these instruments were only added in one wet channel and one dry channel each.

The water pump was controlled to deliver a constant flow rate to the wet channels using a rheostat. The
airspeed of the fan was controlled with the feedback from the anemometer to maintain a constant air flow
rate. The air drawn from each of the two stages of recirculation, as shown in Fig # 3] (b) to maintain 4, was
evaluated using the pressure differential across each stage of recirculation.

The inlet air humidity was varied while maintaining the same inlet air temperature using a 3 kW resistive
heater, a water evaporator, and a Silica gel mesh placed at the inlet of the dew point cooler. To reduce the
humidity below ambient conditions while retaining ambient temperature, the inlet air was dried with Silica
gel. But to increase the humidity above ambient conditions, a water evaporator was used to add humidity,
and the humidified and cooled air was heated with a resistive heater to reach ambient temperature. The
power of the resistive heater was PID controlled against temperature and humidity feedback, maintaining
inlet temperature to +1.5% and the inlet humidity to within +2.4% of the target value and .

The water quality in terms of its salinity was measured using an SX723 TDS meter by Apera Instru-
ments, which was calibrated against known electrical conductivities of NaCl solution. The rise in TDS as
water evaporated from the wet channel and the remaining water became more concentrated in salts was
continuously monitored. Water circulating through the wet channels was discarded when the TDS level
crossed 5000 ppm and replaced with fresh tap water. The fresh water was not treated prior to use to limit
the water treatment cost [35]], but the quality of the incoming water was monitored prior to uptake to ensure
that the TDS level did not make the material susceptible to scaling damage. This was done to ensure the
health of the dew-point cooler and prevent scaling of the walls in the wet channel.

2.3. Performance evaluation

Using the cooling system explained in section # [2.1] and instrumentation explained in section # [2.2]
several performance indicators were evaluated. The mass flow rates of the product and working air were
measured with an anemometer. The air speed was multiplied by the cumulative cross-sectional area of

the channels to find the volumetric flow rate through the channels. The volumetric flow rate was, in turn,
multiplied by the air density to find out the mass flow rate of the air [36].
V=0x A, (1)
m=pxV )

The total temperature drop in the product air is defined as the range of a cooling system and is evaluated
using the inlet and outlet temperatures for the product air flowing through dry channels [37/]],

ATrange = Tpi — Ty (3)

The cooling capacity is defined as the total amount of heat load that the cooling system can remove. It
is evaluated using AT} ,,,4. and the airflow rate through the dry channels.

Q. =11 x Cp X ATyange (4)
The Coefficient of Performance (COP) is defined as the ratio between the heat power that is removed

by a cooling system (), to the electrical or thermal power consumed Q) ;,,. [18].
COP = .QC 5

e,zm




164 The Energy Efficiency Ratio (EER) is the cooling output in BTU/hr per Watt of input power [[18, 138} 139].
EFER=COP x 3.41 (6)

165 The Wet Bulb Effectiveness () and Dew-point Effectiveness (npp) are measured by how closely
166 the final product air temperature 7}, ; approaches the Wet Bulb Temperature Ty g and the Dew-point tem-

167 perature Tpp [37,12].
ATT(ZTLge Tp,i - Tp,f

f— p— 7
nwB ATws ~ Tpi—Tws (7)

Ajﬂlv"ange Tp,i - Tp,f

pr— p— 8
NpP ATpr ~ Tyi— Tpr (®)

169 The product air ratio, or intake air ratio, is defined as the ratio of the final product air to the total
170 incoming air in the dry channels. In an IDEC without any recirculation of product as depicted in Fig #I]
171 (b), the product air ratio would be 1.0 since none of it would be lost for recirculation. But a product air
172 ratio from 0.3-0.9 is typically reported in literature and industrial practice, meaning that 10-70% of the
173 product air can be sacrificed to be mixed with the working air to achieve temperatures lower than WBT
174 [12, 18,140, 41]]. The product air ratio is defined as,

168

Vo s
r= == 9
v 9

175 The overall recirculating air is the sum of the air being recirculated from Valve 1 and Valve 2.
Vo = Vi+ Vo (10)

176 Since the design used in this study allows for controlling the fraction of product air drawn from the
177 dry channel at different locations by controlling the dry air flowing from Valve 1 and Valve 2, one new
|78 parameter was introduced to study the impact of where most of the recirculating dry air was coming from.
179 This parameter is called the working air distribution ratio or 7.

V
rg= - (11)
Vi
180 Controlling the flowrates from upstream V; and downstream V5 locations allows for the investigation

181 of optimal locations where dry air should be drawn to improve AT, e, QC, COP, EER, nw g, and npp.
182 Fig #[5] shows different valve configurations to control upstream and downstream flow rates V; and V5 to
183 create different dry air ratios ry.
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Figure 5: Illustration of different flow distribution ratios r4 tested (a) r4 = 0.0, (b) 74 = 0.25, (¢) rqy = 0.33,

(d)rqg =0.50, (e) rq = 1.0, (f) r4 = 3.0, (g) rq = 4.0, (h) ry = oc.

184 2.4. Uncertainty analysis

185 The uncertainty in each parameter was based on taking multiple readings under similar conditions over
186 a short time interval to maintain consistent environmental conditions. The maximum uncertainty values
187 listed in Table #[2]are based on five (5) repeated measurements. Using twice the standard deviation, a 95%
188 confidence interval for the uncertainty band was selected [42], 43]]. For the parameters that were evaluated
189 using the readings from other parameters, such as COP, dew point efficiency, working ratio, etc, error

190 propagation was used [36]].

Table 2: Measurement parameters and associated uncertainty.

Parameter Unit g4 o %jjg X 100%
Air inlet temperature °Cc 272  +0.1 0.36%
Air outlet temperature °C 16.6 +0.5 3.01%
Air inlet Relative Humidity % 36.0 +0.4 1.11%
Air outlet Relative Humidity % 71.4 +1.2 1.68%
Time S — +0.01 —
Mass g — +0.007 —
Dimensions mm — +1.0 —
Air flow rate kg/s — +0.01 —
Voltage vV 2200 +£24 1.09%
Current A 2.6 +0.1 3.85%
Wet bulb efficiency (w7 B) % 90.9 +6.4 7.04%
Dew point efficiency (npp) % 559  +£2.5 4.47%
Water flow rate kg/s  0.05  +0.01 20%
Cooling capacity (Qcoolmg) kW 10.71 #£0.29 2.71%
Input power (Qinput) W 573.2 +38.3 6.68%
Ccop 56.8 +54 9.51%
EER 241.7  £7.7 3.18%
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3. Results

3.1. Variations in airflow rate

All experiments in this section were conducted at a constant inlet dry bulb temperature of Tppr =
27.2°C and relative humidity of 36%, corresponding to a wet bulb temperature of Ty gy = 17.15°C and a
dew point temperature of Tppr = 10.87°C. The flow rate of the air entering the dry channel was increased
from a small value of 100 m3/h to 11,000 m?/h. The changes in different parameters like the product
air temperature, cooling capacity, fan and pump power consumption, COP, and Wet-bulb and Dewpoint
efficiency with respect to airflow are shown in Fig #[6]

Fig #[6](a) shows that the lowest product air temperature is observed at the smallest airflow rate, and it the
temperature goes up with airflow. This is an expected finding since increasing the air flow rate allows the air
less time to stay in contact with water in the wet channel, reducing the temperature drop due to evaporation
[38]. As the airflow rate increases, the product air temperature approaches the ambient temperature, i.e., the
temperature drop or the range AT, diminishes. This is concurrent with other studies that suggest that
very high flow rates move so much air through a heat and mass exchanger that the cooling system is unable
to cause a significant temperature drop across the air [30]. It can also be observed that the temperature
decreases as the working ratio r is increased, confirming that spending a higher proportion of the dry
air on recirculation and mixing in the wet channel results in a larger temperature drop [18]. It must be
noted that for this study, the results are based on a consistent inlet air temperature. The outlet air was not
recirculated back, and the system was kept open loop to maintain constant inlet temperatures and humidity
and prevent the indoor climate conditions from impacting inlet variables. Variations in inlet air temperature
and humidity would cause changes in the product air temperature [44]].

However, the higher temperature drop observed at high working ratios as shown in Fig #[6] (a), comes
with a tradeoff. Fig #[6] (b) shows the cooling capacity of the M-cycle. Similar curves for cooling capacity
have been reported in other studies [7, 45]]. It can be observed that using very low flow rates to attain
very low temperatures results in a very small cooling capacity. This is due to the low flow rate of the
inlet air, compounded by the high working ratio, resulting in most of the cooled product air being lost for
recirculation.

More importantly, it was found that the cooling capacity peaked at moderate flow rates and the highest
cooling capacity was observed for a moderate working ratio of » = 0.33. This finding is consistent with
the results obtained in other studies. Zhu et al [46] found the optimal cooling capacity for a fixed flow rate
occurring at the same working ratio of » = 0.33. Lin et al [31] found a slightly higher optimal working air
ratio at 7 = 0.40. Wang et al [29] found that when the airflow was kept constant, the cooling capacity peaked
at working ratios ranging from r» = 0.29 to r = 0.35. They also found that the peak cooling capacity went
up with airflow rate, but their study was focused on lower flow rates (< 950 m3/hr). The results shown in
Fig # @ (b) demonstrate that increasing the flow rate to very high levels (> 10, 000 m?3/hr) results in a drop
in cooling capacity for » = 0.33. This is because, as the flow rate rises, the temperature drop across the dry
channel AT, reduces since the air is unable to evaporate enough water, requiring a larger heat and mass
exchanger to achieve a large enough AT 4, gc.

Prior to this drop, a flattening of the cooling capacity and COP curves is observed at moderate flow
rates. This occurs because the cooling capacity gain from increasing the mass flow rate of product air is
progressively offset by the diminishing AT}.,,,4, as the residence time of air in the heat and mass exchanger
becomes too short for sufficient heat and mass transfer. The two competing effects, increasing mass flow and
decreasing temperature drop, balance each other out, resulting in the plateau observed before the eventual

1 decline at very high flow rates.

Fig #[6] (c) shows that the system power consumption goes up as the airflow rate is increased. But it
also shows that recirculating more air into the wet channel increases the power consumption of the overall
system compared to lower working ratios. This finding is in contrast to some studies which have found
the dry channel’s fan power to go down with working ratio [29]. But it is in agreement with other studies

9
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which have found the pressure drop, and thereby the power consumption to increase with the working air
ratio [47, 48]]. The difference is related to the configuration and the operational equipment. In counterflow
configurations, air in dry channels has to change directions to enter the wet channel as illustrated in Fig #3|
(b). This results in a high pressure drop which for the fan to overcome [29]. In the design used in this
study, the recirculating product air had to undergo two 90 bends to enter the wet channel, resulting in a
high pressure drop for the fan to overcome, resulting in an increase in fan power with the working air ratio.

As aresult of the increasing power consumption with the working air ratio, the COP is found to decrease
with the working air ratio as shown in Fig #[6] (d). However, due to the cooling capacity rising until a
maximum at moderate flow rates, the COP for each working air ratio follows the same trend. It must be
noted that the high COP observed for very low working ratios is only an artifact of the high flow rate
of the product air, since very little dry channel air is used for recirculation and exhausted [49]. But this
improvement comes at the cost of an overall higher product air temperature as shown in Fig #[6](a).

Both wet-bulb and dew point efficiencies go down with airflow rate and increase with the working air
ratio. This is a typical and expected result that matches with other studies in the literature [31]. The tem-
perature drop efficiency reduces with flow rate because the heat and mass exchanger is not large enough to

4 allow 13000 m?/hr of air to undergo a large enough temperature drop. And the efficiency improves with

the working air ratio because recirculating a large proportion of dry air to turn it into working air results in
more evaporation of water in the wet channel and therefore larger temperature drops [29].

10
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Figure 6: Variation of (a) Product air temperature, (b) Cooling capacity, (c) Power input, (d) COP, (e) Wet
bulb efficiency, and (f) Dew-point efficiency vs airflow rate at inlet conditions of Tppr = 27.2°C and RH
= 36%, for working air distribution ratio 4 = 1.0 and varying working air ratios r. Product air temperature
increases with airflow while cooling capacity peaks at moderate flow rates, with » = (.33 yielding the
optimal balance between cooling capacity and COP. Erorr bars are based on two (2) standard deviations
+20.
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3.2. Changes in where the product air is taken out for recirculation

As with Section (3.1} all experiments were conducted at a constant inlet dry bulb temperature of Tppr =
27.2°C and relative humidity of 36% at a fixed airflow rate of 6600 m?3/hr. Fig #[7|shows the variation in
temperature, cooling capacity, power input, COP, and wet bulb and dew point efficiencies as the working air
distribution ratio r4 is varied, i.e., whether the dry air used to enter the wet channel comes from upstream

3 or downstream of the dry channel. All of the results are recorded at a fixed airflow rate of 6600 m?/hr.

Fig #[/| (a) shows that until a minimum temperature, as 7, increases, the temperature of the product air
goes down, suggesting that drawing air from downstream of the dry channel leads to a larger temperature
drop regardless of the overall working air ratio r. There is no study in the literature testing the impact
of upstream vs downstream draw of dry air but several findings in literature suggest that the temperature
drop achieved with each cycle or stage of recirculation reduces [46]], a finding that is also consistent with

269 psychrometry as illustrated in Fig #[2] where AT} > AT, > ATj.

It must be noted that the temperature reaches a minimum at r; values slightly larger than one after which
it starts increasing back up. The reason for that is that as r, approaches very small values close to zero,
the system starts resembling a single-stage dew-point cooler with air being drawn halfway through the dry

3 channel as illustrated in Fig #[5] (a) (r4 = 0). The system resembles a typical 2-stage dew-point cooler
4 when the airflow through both the upstream and downstream valves is comparable as shown in Fig # [5]

(¢) (rq = 1). But as r, approaches very large values well beyond 1.0, the system starts operating like a
single-stage dew-point cooler again but with the air being drawn primarily downstream of the dry channel
as illustrated in Fig #[5| (h) (r4 = 00). The wet-bulb and dew-point efficiencies shown in Fig #[7] (e) and
Fig #[7](f) follow the inverted trend of the temperature curve as the effectiveness of the cooling improves as
temperature goes down.

The finding that the minimum temperature was observed at 4 ~ 1.5 suggests that there is an advan-
tage to drawing more dry air downstream of the dry channel. This is because the dry air is much cooler
downstream of the flow and thereby results in a larger temperature drop when it is recirculated to act as

3 the process air. As shown in Fig #[7] (b), It follows from the lower temperatures observed at rd ~ 1.5 that
1 the cooling capacity is also at its maximum at this point, given that the overall mass flow rate of the air

is unchanged for each overall working air ratio ». However, the power consumption does not just depend
on the working air ratio and airflow. As shown in Fig #[7] (c), the fan power consumption increases with
rq. This is because a larger pressure drop is needed across the dry channel if more air is to be taken fully
downstream to be recirculated.

But the more critical finding represented in Fig # [/| (a) and Fig #[/| (d) is that drawing an excessive
volume of air downstream of the dry channel with a minimal proportion of recirculated air coming from
upstream results in a lower temperature drop while the power consumption keeps going up due to increasing
pressure drop. Based on the minimum temperature and the maximum COP observed at 1.1 < r; < 1.3,
it can be said that the volume flow rate of air drawn in each stage of a dew-point cooler should be almost

1 equal, resulting in r; = 1. Due to pressure losses in the wet and dry channels, this optimal distribution ratio

is not ensured, and it can be made part of the design process. For perforated dew-point coolers, this means
that not all perforations have to be equally sized. The perforations can be sized such that there is a similar
air flow through each perforation, accounting for the pressure drops.
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Effect of working air distribution ratio r4y on cooler performance
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Figure 7: Variation of (a) Product air temperature, (b) Cooling capacity, (c) Power input, (d) COP, (e) Wet
bulb efficiency, and (f) Dew-point efficiency vs working air distribution ratio r4 = Vs / Vi, representing the
ratio of air drawn from downstream to upstream of the dry channel, at Tppr = 27.2°C, RH = 36%, and
airflow rate of 6600 m?/hr, for varying working air ratios 7. A minimum product air temperature and
maximum COP are observed at 1.1 < r; < 1.3, suggesting an advantage to drawing slightly more air from
downstream of the dry channel. Erorr bars are based on two (2) standard deviations +2¢.
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3.3. Impact of RH

The inlet dry bulb temperature was maintained at Tppr = 27.2°C throughout, while the relative humid-
ity was varied across a wide range while maintaining the air temperature 7; with an extra water evaporator
and a resistive heater, the input power of which was PID-controlled. As shown in Figure[§](a), it was found
that the product air temperature approaches the dry bulb temperature with increase in RH. The temperature
drop curve matches that for similar studies in literature [0, 51]. At high humidity levels, there is negligible
or no temperature drop in the product air. But the power consumption of the system remains unchanged and
is independent of the humidity of the incoming air. Due to the low temperature drop at high humidity with-
out any difference in power use, the cooling capacity and COP of the system drastically reduce as shown in
Figures [§] (b), (c), and (d). Cooling capacity and cOP approach zero as the temperature drive is eliminated.
This is a very typical and expected finding for all evaporative systems since the amount of water air can
evaporate is heavily governed by the humidity of air feed [52].

As shown in Figures (8| (c) and (d), the Wet Bulb and Dew Point Efficiencies start at very high levels
because low humidity levels drastically drop the Wet Bulb and Dew Point temperatures, and therefore the
temperature drop observed across the dry channel. It must be noted that in ambient conditions, Dew-Point
effectiveness can never exceed 100%. It is higher than 100% in Figure[§] (d) below ambient humidity levels
because the inlet air’s humidity was artificially dropped, reducing the DPT of the product air while keeping
the ambient DPT the same. The effectiveness curves closely resemble the observations found by Wan et al
[S3] for an experimentally validated model.
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Effect of inlet relative humidity on cooler performance
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Figure 8: Variation of (a) Product air temperature, (b) Cooling capacity, (c) Power input, (d) COP, (e) Wet
bulb efficiency, and (f) Dew-point efficiency vs inlet relative humidity at Tppr = 27.2°C, for working air
distribution ratio 74 = 1.0 and varying working air ratios r. Cooling capacity and COP diminish sharply
with increasing humidity, approaching zero at high RH levels, while dew-point effectiveness exceeds 100%
at artificially reduced humidity levels because T pr is reduced below ambient conditions. Erorr bars are
based on two (2) standard deviations +20.
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4. Conclusion

The study explores the performance of a large-scale dew point cooler with a cooling capacity of 12.2
kW. Two controllable recirculation stages were incorporated to benchmark the working air ratio r against
other studies. A new parameter, the air distribution ratio r,, was evaluated based on the amount of air drawn
in each recirculation stage.

The results confirm that increasing the working air ratio improves temperature drop and dew-point
effectiveness but reduces COP due to higher power consumption from increased pressure losses incurred
during recirculation. Low working air ratio was found to result in small temperature drops, and very high
working air ratios were found to result in large temperature drops, yielding high Dew-point efficiencies
at the cost of losing the product air volume. An optimal working air ratio of r = 0.33 was identified for
maximizing the COP and the cooling capacity. This finding is consistent with the optimum working air
ratios reported in the literature.

The investigation of the working air distribution ratio 7, is a novel contribution of this work. It was
found that drawing recirculated air preferentially from downstream of the dry channel, where the product
air is already partially cooled, reduces the product air temperature without the need to increase the overall
working air ratio or cut down on the product air volume. Since the power consumption has a very small
correlation with the air distribution ratio, the overall COP goes up at the optimal distribution ratio of 1.1 <
rqa < 1.3. This finding suggests that for M-cycle heat exchangers, perforation sizing or duct sizing should
account for channel pressure drops to maintain near-equal airflow through each recirculation stage.

This study is based on only two recirculation cycles. Further computational and experimental studies
can test if the optimal air distribution holds up for more recirculation loops or a large number of perforations.
Further studies could also assess the pressure drop across each circulation loop and mitigate it with surface
treatments or smoother bends. That would in turn help maintain optimal air distribution ratios and thereby
maximize the COP and cooling capacity without compromising on the product air temperature.

To illustrate the practical utility of these findings, consider a representative operating condition of inlet
air at 35°C and 40% RH, typical of hot and arid climates where dew-point coolers are most effective. Based
on the experimental results, the recommended operating settings for this condition are a working air ratio
of » = 0.33 and a working air distribution ratio of 1.1 < r; < 1.3, with an airflow rate in the moderate
range of 6000-7000 m?/hr where cooling capacity peaks. Under these settings, the system is expected to
deliver the lowest achievable product air temperature while maintaining the highest COP, making it suitable
for direct space cooling without supplementary mechanical refrigeration. It should be noted, however,
that performance degrades significantly above ~60% RH, and inlet air pre-treatment is recommended for
deployment in humid climates. This serves as a practical design guideline for engineers deploying large-
scale M-cycle dew-point coolers in similar climatic conditions.
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