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Abstract

A dew-point evaporative air cooler incorporating a novel segmented heat exchange design,
demarcated according to the humidity state of moist air, is proposed. The system employs
a porous fibrous material to create a wetted evaporative surface, which is continuously
maintained in a moistened condition through a self-wicking water supply mechanism to
enhance latent heat transfer. Circular fins are installed on the heat exchanger’s partition
surface once the moist air reaches saturation, thereby improving sensible heat exchange
between the dry and wet channels. The performance of a prototype was evaluated under
controlled conditions in a standard enthalpy chamber. Experimental results indicate that,
under typical summer conditions (inlet dry-bulb and wet-bulb temperatures of 33.8 °C and
25.4 °C, respectively), with an air mass flow ratio of 0.7 and an air velocity of 1.5 m/s, the
wet-bulb effectiveness reaches 114.4% and the dew-point effectiveness achieves 84.8%. The
maximum temperature reduction occurs in the sensible heat exchange section, reaching
up to 6.1 °C, demonstrating its substantial sensible heat recovery capability. The device
exhibits an energy efficiency ratio (EER) ranging from 9.1 to 31.8. The proposed compact
configuration not only enhances energy efficiency but also reduces material costs by ap-
proximately 15.4%, providing a valuable reference for the future development of dew-point
evaporative cooling systems in residential buildings.

Keywords: dew-point evaporative cooling; building air conditioning; sensible heat recovery;
latent heat transfer

1. Introduction

Heating, ventilation, and air-conditioning (HVAC) systems represent a significant por-
tion of total building energy consumption, accounting for approximately 32% of building
electricity use [1]. Traditional vapor compression refrigeration systems face challenges
of high energy consumption and significant environmental impact due to their heavy
reliance on compressors and non-environmentally friendly refrigerants [2]. The develop-
ment of high-efficiency, low-consumption air-conditioning systems has become a current
research focus.

Evaporative cooling technology utilizes the heat absorbed during water evaporation
to achieve cooling, representing a promising low-energy-consumption refrigeration solu-
tion [3]. The dew-point evaporative cooler (DPEC) represents a key advancement over
traditional indirect evaporative coolers: it diverts a portion of the already-cooled air from
the dry channel back into the wet channel to serve as secondary air. This pre-cooled air
enhances the overall cooling capacity, enabling the product air to surpass the wet-bulb
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temperature limit and approach the dew point. This system can maintain indoor thermal
comfort while reducing CO; emissions [4].

The performance improvement of the DPEC system depends on structural design and
the optimization of surface wettability [5]. Liu et al. [6] investigated an efficient DPEC
system through numerical and experimental studies, utilizing corrugated plates to expand
the heat transfer area and eliminating the supporting structure to reduce pressure drop. The
results show that its wet-bulb effectiveness is 10% higher than that of the flat-plate DPEC.
Chen, Z et al. [7] developed a two-stage DPEC to address the high air mass ratio issue
associated with traditional DPEC systems. The system distributes the cooling load over two
consecutive stages. Under practical operating conditions, its energy efficiency ratio (EER)
ranges from 15 to 17, significantly outperforming conventional air-conditioning systems.
Xuliang, L et al. [8] proposed a novel perforated dew-point evaporative cooler, in which the
perforated design improves the performance of the system when the total supply air ratio
is below 0.5. The single-hole design achieves optimal performance. Sulaiman, Mohammed
A et al. [9] constructed a shell-and-tube dew-point evaporative cooler using ultra-low-cost
materials. In the experiments, the prototype was able to reduce the ambient temperature
by up to 34.1 °C (from 53 °C to 18.9 °C), with a dew-point effectiveness of 99.6% and
a wet-bulb effectiveness of 135%. Castillo-Gonzalez et al. [10] developed an innovative
DPEC system using emerging additive manufacturing technology, achieving dew-point
effectiveness of up to 90%. Additive manufacturing technology demonstrates potential
applicability in the development of DPEC systems. Jiang et al. [11] proposed a double
counter-flow dew-point indirect evaporative cooler that employs a high-performance wet-
channel material. Experimental results showed that, under typical summer conditions,
wet-bulb and dew-point effectiveness reached 104% and 79%, respectively, achieving a
reduction in the size of the dew-point core.

The extent of the water film coverage on the heat exchanger surface directly affects
the heat and mass transfer between air and water, thereby influencing the heat exchange
efficiency. Xu et al. [12] conducted moisture diffusion and evaporation tests to evaluate
various potential wet-surface materials and found that Bamboo Charcoal® Coolmax active
fabric and Coopass® bird eye mesh fabric were the most suitable for DPEC applications in
terms of moisture transfer and mechanical properties. Duan et al. [13] studied the perfor-
mance of a cellulose/PET fiber wet fabric roof based on an empirical model. The results
show that this moisture-conducting fiber arrangement can reduce the indoor temperature
by approximately 5.3 °C compared to traditional roofs. Subsequent field measurements
conducted in Beijing demonstrated that, compared to sprinkler-cooled metal roofs [14],
wet-fiber roofs can reduce the outer surface temperature by 15 °C, exhibiting significant
heat dissipation capabilities ranging from 12.7 to 914.5 W/m?. Chen et al. [15] significantly
enhanced moisture retention by coating polypropylene (PP) with a TiO; /SiO, nanolayer.
Under experimental conditions, wet-bulb effectiveness increased from 74.4% to 81.4%,
and the plate temperature decreased by 1.1 °C compared to the uncoated surface. The
development of new wet-surface materials that can enhance diffusion and achieve uniform
water distribution is essential. However, due to the challenges and costs associated with
surface materials, researchers have gradually shifted their focus to the implementation of
moisture distribution and spraying systems [16,17]. Sun et al. [18] conducted experimental
studies on various intermittent spraying schemes and recommended that the optimal
spraying time for porous ceramic IEC be 10-12 s, with an ideal intermittent time of 1 min.
Shahzad et al. [19] proposed a novel DPEC system without hydrophilic surfaces, in which
the humidification process of the working air is performed before entering the wet channel.
At an outdoor temperature of 45 °C, the coefficient of performance is 45 and the cooling
effectiveness is 80%.
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Due to their limited volumetric cooling capacity, evaporative air conditioners often
require a large footprint to meet cooling demands. Furthermore, the wet channel typically
employs a direct spraying mode, which makes it difficult to precisely control the spray
water volume. Excessive spray density thickens the liquid film, thereby increasing thermal
resistance, whereas insufficient spray density results in inadequate wetting, reducing
evaporative cooling effectiveness. To achieve high efficiency, compactness, and pumpless
operation in DPEC units, this study proposes a dew-point evaporative cooling structure
based on segmented heat exchange at the saturation point of moist air. In the region
after the saturation point, hydrophilic materials are removed to reduce thermal resistance,
and fins are added to convert low-efficiency heat exchange areas into efficient air-to-air
sensible heat exchange sections. Additionally, passive water supply is achieved through the
capillary action of a porous fibrous membrane, enabling pumpless operation. The impact
of operating parameters on the cooling performance of the device was investigated in an
enthalpy chamber, providing a basis for the practical implementation of this technology.

2. Design of Segmented Dew-Point Evaporative Cooler
2.1. Theoretical Analysis of Heat and Moisture Transfer Process

Dew-point evaporative cooling involves the coupling of multiple physical fields,
including fluid flow, heat transfer, and mass transfer [20]. To understand the internal
heat and mass transfer mechanisms, a control model for a one-dimensional dew-point
evaporative cooler was established, as shown in Figure 1. The control model consists of
dry and wet channels of unit length, along with a composite heat exchange plate. The wet
channel side is covered with a water film, while the dry channel side is waterproof.

(1) Inthe dry channel, only sensible heat transfer occurs. According to the first law of
thermodynamics, the heat transfer equation is as follows:

Q1 = cpamdTy = K(Ty — Ty)dxy )

where K is the overall heat transfer coefficient between the primary air and the wa-
ter membrane, W/(m?.K); T, is water membrane temperature, °C; T; is primary
air temperature, °C.
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Figure 1. Schematic diagram of the dew-point evaporative cooling principle.

(2) In the wet channel, the increase in the humidity of the secondary air should be equal
to the mass transfer rate between the secondary air and the water film. The mass
conservation equation is as follows:

mpdwy = hy (W — wy)dxy, = —dmy, (2)
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where /1, is mass transfer coefficient of the secondary air, kg/(m?-K); wy, is air saturated hu-
midity ratio at water membrane temperature, g/kg; 1, is mass of water evaporation, g/s.

(3) The energy balance in the wet channel consists of sensible heat exchange and latent
heat transfer. Therefore, the energy balance equation in the wet channel is as follows:

Qy = modiy = [hy(Tyy — To) + thi(wew — w2)]dx; 3)
ip = cpaTo+wa(r +coTp) = cpaTy + wpr 4)

where i, is the enthalpy of secondary air, k] /kg; r is latent heat of vaporization, 2501 k] /kg;
Cp is the specific heat of water vapor at constant pressure, 1 kJ/kg; h; is the convection heat
transfer coefficient of secondary air, W/(m?-K).

(4) The heat released by the infinitesimal element in the dry channel is equal to the heat
absorbed by the secondary air and the water film. The energy conservation equation
is established as follows:

madip + cop Towdmy + comyd Ty + cpamidTy =0 (5)

CwTwdmy 4 cowmypdTy = ¢y Todmy, (6)

To clarify the optimization direction, the mathematical model of the dew-point evapo-
rative cooler was solved under standard test conditions (dry-bulb temperature of 37.8 °C,
relative humidity of 21.5%, and working-to-inlet air mass ratio of 0.44). The moist air
saturation length and the length after the saturation point where the dry-wet-channel
temperature difference exceeds 5 °C are shown in Figure 2. AT > 5 °C is the minimum eco-
nomic temperature difference for sensible heat recovery. For a 600 mm long heat exchanger,
a 400 mm evaporation path is sufficient for moist air to reach 95% relative humidity, and
evaporation beyond the saturation point will be restricted. However, after the saturation
point, a 60-200 mm segment remains where the dry—wet-channel temperature difference
exceeds 5 °C. This phenomenon is consistent with previous experimental study [21]. The
greater the temperature difference between the passages, the more effective the sensible
heat transfer. Therefore, using the moist air saturation point as a boundary transforms the
conventional single-stage heat exchange in wet channels into a two-stage process. Before
the saturation point, heat transfer is dominated by latent heat exchange, whereas beyond it,
the process transforms to pure sensible heat exchange. This can provide a novel pathway
for enhancing the heat transfer performance of DPEC.
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Figure 2. Saturation length and length after saturation, AT > 5 °C.
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2.2. Structural Design

To ensure that the heat exchanger operates consistently within a high-efficiency heat
transfer range, a segmented heat exchange dew-point cooler was designed based on
the above analysis of channel temperature and humidity characteristics. Its structural
schematic is shown in Figure 3. Unlike conventional single wet-channel DPEC designs [21],
this approach segments the wet channel at the saturation point of moist air, making the
downstream region operate as an air-to-air sensible heat recovery section while adding
fins to the partition wall. This method reduces thermal resistance and enhances convective
heat transfer. Additionally, in terms of water supply, a pumpless self-wicking system
based on porous fiber materials is adopted. Compared to traditional spray systems, this
approach holds promise for reducing auxiliary energy consumption, water usage, and
maintenance requirements. The specific design involves installing a 400 mm long porous
fiber material between the wet-channel inlet and the point of humidity saturation. And a
self-wicking water supply system is employed instead of mechanical spraying to enhance
latent heat exchange, with this stage primarily focusing on latent heat transfer. After
reaching saturation, the hydrophilic material and the low temperature difference zone are
removed. Only the high temperature difference zone that lies approximately 100 mm before
the wet-channel outlet is left. In this zone, the temperature difference between the primary
and secondary air is significant, offering sensible heat recovery potential. Furthermore,
fins are arranged on the partition wall to further enhance sensible heat exchange, with this
stage primarily involving pure air-to-air sensible heat transfer. The specific parameters of
the heat and moisture exchanger are listed in Table 1. The total channel length is 500 mm,
representing a 15.4% reduction in plate material compared with the previous equipment,
which had a plate length of around 650 mm [21].

Sensible Heat
Exchange Section

Latent Heat
Exchange
Section

Exhaust air /

Product air

(b) Stereogram

Figure 3. Schematic diagram of the structure. (a) Airflow organization. (b) Stereogram.
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Table 1. Parameters of Heat and Moisture Exchanger.

Parameters Value Unit
Channel width 350 mm

Total length of the channel 500 mm
Wet-surface length 400 mm

Air-to-air sensible heat

exchange length 100 mm

3. Feasibility Verification of Self-Wicking Water

Automatic capillary wicking water supply utilizes the capillary action of porous
materials to spontaneously draw in moisture, thereby wetting surfaces. Compared to spray
irrigation, this method consumes less energy, uses fewer water resources, requires minimal
maintenance, and avoids forming visible water films. This allows the wet surface to remain
fully exposed, creating a broader evaporation area. However, the stability of long-term
continuous wetting still requires experimental validation.

3.1. Specifications of the Tested Fibers

Fibers feature high porosity and low cost, making them the most commonly used
porous material in indirect evaporative cooling (IEC) applications today [22]. Several
studies [12,23,24] have compared the performance of different fiber types in capillary water
absorption properties, indicating that Coolmax® and Coolpass® exhibit excellent moisture-
wicking and quick-drying performance, believing them suitable for evaporative cooling
systems. Industrial wiping cloths and cotton-like microfiber maintain excellent moisture
absorption and quick-drying properties while also offering superior elasticity and shape
retention. The specifications for testing fibers are shown in Table 2. Table 2 lists the cost,
weight, and polyester content for each fiber (each sample has a sample number for reference
in other sections of this document). It is generally accepted that higher grammage and
higher polyester content correlate with better mechanical durability. Although the material
specifications indicate that the four samples differ little in cost, Sample 1 exhibits superior
mechanical durability.

Table 2. Specifications of the fibers.

Parameters Coolmax® Coolpass® W;;i‘;g;;:hs ('l:\(/}titc(:'f)l;i]{)l;e
Sample No. 1 2 3 4
Cost per kilogram in 36 30 8.1 295
Chinese currency (¥/kg) ' ’
Weight (g/m?) 165-170 150-160 60 180
Polyester content (%) 100 100 45 90
Sun-Land Textile Sun-Land Textile Su Niang Yisheng Textile

Manufacturer (Location)

(Changshu, China) (Changshu, China) (Suzhou, China) (Dongguan, China)

3.2. Water Absorption Capacity Test

To preliminarily evaluate the water absorption capacity of the fibers, four fiber samples
were examined using SEM (Merlin Compact, ZEISS, Oberkochen, Germany) at a magni-
fication of 500 x. Their microstructures are shown in Figure 4. The results indicate that
the studied samples contain a large number of high-aspect-ratio filamentary structures
internally, with diameters primarily ranging from 8.2 to 40 um. More importantly, the
fine filaments interweave to form numerous interconnected microporous structures. These
microporous structures provide capillary forces that promote the flow of liquids.
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Figure 4. Microstructure images magnified 500 times by SEM.

To further quantitatively analyze the water absorption properties of the four fibers, a
water supply rate test apparatus was constructed as shown in Figure 5a. The apparatus
consists of a lifting platform, an electronic balance, fiber material, a tape measure, a beaker,
and a temperature-humidity meter. Considering that minor fluctuations in environmental
conditions have a negligible impact on wicking performance [12], and that the effect of
evaporation loss on the wicking weight is insignificant [23], the samples were tested at
an ambient temperature of 25.5 °C and a relative humidity of 50.3%. The strip-shaped
moisture-wicking fibers are secured horizontally on the lifting platform to ensure the
capillary absorption process remains unaffected by gravity. The fiber base is immersed
in a beaker containing dye to observe water migration. Using a ruler and electronic
balance, the capillary rise distance and water absorption are simultaneously measured
at different time points. The experiment duration is set to 30 min to ensure the material
absorbs sufficient water. The comparative analysis of different materials shown in Figure 5b
indicates that Coolmax® bird eye mesh fabric exhibits the best water delivery performance
among the four materials. Within 30 min, the total wicking distance reached 412 mm,
with an average wicking rate of 137 mm/min. The water absorption capacity reached
60 mg/cm?, demonstrating outstanding moisture transport performance. Based on the
microscopic structure diagram of the fibers, Coolmax® bird eye mesh fabrics have the
smallest diameter, measuring just 8.26 um. It can be seen that the smaller the fiber diameter,
the greater the porosity and the stronger the resulting capillary forces. Therefore, porous
materials with smaller fiber diameters should be prioritized.
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Figure 5. (a) Fiber water absorption performance test bench. (b) Capillary rise rate and water uptake
weight of different fiber samples.

3.3. Wetting Stability Test

Under conditions of self-wicking water and air flow, water within porous materials
simultaneously undergoes capillary rise (water uptake) and evaporation (water loss). To
quantitatively evaluate the wetting stability of porous materials absorbing water through
capillary forces under dynamic conditions, Coolmax® bird eye mesh fabric was selected as
the test material based on its optimal performance. A self-wicking water direct evaporation
test platform was constructed, as shown in Figure 6a. The test platform contains 10 sets
of airflow channels, with the gap of each channel controlled at 5 mm [25]. Based on the
investigation of the material’s capillary performance, the evaporation surface was designed
with dimensions of 400 mm x 200 mm. The testing was conducted under actual indoor
conditions during summer, with specific parameters of dry-bulb temperature of 29.7 °C
and relative humidity of 66.9%.

Before testing, fabric samples were washed and dried to remove residual manufactur-
ing oils or impurities affecting surface energy. During testing, one end of the material was
immersed in the aqueous solution. To prevent impurities in the water from affecting capil-
lary action, deionized water was used as the evaporation medium, and a trace amount of
food colorant (McCormick, Hunt Valley, MD, USA) was added to facilitate the observation
of surface wetting. To eliminate edge effects, the lateral edges were sealed with silicone
strips, and a protective shield was installed over the sealed area to isolate it from ambient
airflow. The fan draws in ambient air at a velocity of 1 m/s, directing it to flow over the
wet material and come into direct contact with it. Temperature and humidity at the air inlet
and outlet were continuously monitored and the data were collected using a temperature
and humidity sensor. The operational duration was 2 h. The changes in inlet and outlet
temperature and humidity are shown in Figure 6b.
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Figure 6. (a) Wetting stability test bench. (b) Temperature and humidity variations over time.

The test results show that the outlet air temperature decreased by 2.5 °C compared with
the initial ambient temperature and stabilized at 27.2 °C, with a fluctuation range of only
0.3 °C. The relative humidity of the outlet air increased by 11.4%, stabilizing at 78.3%, with a
fluctuation range of only 1.3%. Meanwhile, observations through the acrylic panel revealed
that the material surface remained consistently wetted, with no dry regions observed. This
indicates that the self-wicking capability of Coolmax® bird eye mesh fabric can compensate
for the water loss caused by evaporation, thereby enabling the material to maintain stable
evaporative performance during long-term operation. Therefore, selecting Coolmax® bird
eye mesh fabric as the wet-surface material in the wet channel and supplying water through
its capillary wicking action is a promising approach.

4. Experimental Study of the Cooler
4.1. Prototype

Coolmax® bird eye mesh fabric was selected as the wet-surface material for the latent
heat exchange section. The membrane was bonded to the surface of a high-thermal-
conductivity aluminum plate using a hot-melt adhesion method [26], with extended sec-
tions reserved to form a composite heat exchange plate possessing self-wicking water
supply capability. The heat exchange plates were stacked with sealing strips serving as
spacing pillars, forming 6 staggered groups of dry and wet channels with a channel spacing
of 5 mm. The overall system is illustrated in Figure 7. A 12 V axial fan, whose rotational
speed was precisely controlled by a 220 V adjustable power supply, was employed. The
unit’s casing, air duct, and water tank were all fabricated from acrylic plates to facilitate
observation and maintenance. To ensure continuous water supply to the wet surface dur-
ing operation, the fiber membrane was extended 100 mm from the upper end of the heat
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exchange plate and immersed in an elevated water reservoir. By combining the capillary
action of the porous structure with the gravitational potential of the elevated water reser-
voir, efficient self-wicking water supply was achieved, ensuring stable evaporative cooling
performance of the wet surface in the heat exchanger.

100 mm 400 mm

& I~
—> < >

- o " ; " " | 4 i
W | ' E Latent Heat E h
, Exchange =
Section

Figure 7. Actual segmented heat exchange dew-point evaporative cooler.

4.2. Experimental Methods and Conditions

The experiments were conducted in a standard enthalpy chamber to ensure accurate
and reliable data. The test environment was set to represent actual summer conditions in
regions of moderate humidity (dry-bulb temperature: 33.8 °C; relative humidity: 51.7%).
The impact of key operating parameters on system performance was analyzed using a
controlled variable method. Test conditions are detailed in Table 3, and the test system is
illustrated in Figure 8. Before testing, the refrigeration system, supply fan, electric heater,
and humidifier were activated in sequence. Environmental parameters were configured
via the host computer, and the system was operated for 20 min to ensure that the enthalpy
chamber attained the required steady state.

Table 3. Experimental test conditions.

Experimental Parameters Value

Inlet air velocity v/(m/s) 0.5,1.0,13,15,2.0
Working-to-intake 0.3,0.4,0.5, 0.6, 0.7
alr mass ratio

After the enthalpy chamber environment stabilized, the prototype was activated and
adjusted to the target air velocity and air mass flow ratio. A Testo-425 hot-wire anemometer
was used to measure the velocity of the intake and exhaust air, and the fans’ power
consumption was recorded with an electrical power meter. The wind speed readings
stabilize within tens of seconds. The effective heat exchange length of the prototype air
flow channel is 500 mm. DL11B-MC-S1 high-precision temperature and humidity sensors
were installed every 100 mm along the length of both the dry and wet channels. The sensor
sampling frequency is 10 s per measurement. When the inlet and outlet air temperature
fluctuations are less than 0.2 °C and the relative humidity fluctuations are less than
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+2%, the system is deemed to have reached a steady state. After the unit stabilizes during
operation, data acquisition commences. Instrument parameters are detailed in Table 4, all
having undergone calibration by the manufacturer.

— Celling
Cooling AL Q supply air

EE

tower = = |
Cold Water Humi
HUM
P e Cooling Tank . difier | H } |
ﬁ tank D:I]]Heater Environmental
Cooling A Room

water pump oy 1 jﬂlﬂw Alr
PERRETPORCRES . i.: *Coo]er
— ‘Water :
=y o [ b

Cold Water Fan Filter

Compressor Prototype
(8P) Pump
Figure 8. Schematic of the test system.
Table 4. Measurement instrument accuracy.
Equipment Measurement Measuring Manufacturer . .
Model Content Range Accuracy (Location) Calibration Status
Hot-wire anemometer Inlet and outlet Testo Within validit
: . 0-30 m/s +(0.03m/s + 4%) (Lenzkirch, . y
(Testo-425) air velocity period
Germany)
Temperature and Ambient —40-120 °C +02°C Jianda Renke Within validity
humidity recorder temperature and 0-100°% 100, RH (Jinan, China) eriod
(COS-03) humidity ° ° ’ P
Temperature and Temperature and —40-125°C +02°C Dalin Tech Within validity
humidity sensor humidity inside the 0-100°% 418% RH (Guangzhou, eriod
(DL11B-MC-S1) channels ° e China) P
Power monitoring . s L s
instrument Power 04 kW +1% (Nin }]1:; Tll(jhina) Wlthlzr‘i’jcllldlty
(DL333501C) ghat, P

4.3. Performance Evaluation of the Unit

To comprehensively evaluate the performance of the dew-point evaporative cooler, the
temperature drop, wet-bulb effectiveness, dew-point effectiveness, and energy efficiency
ratio were selected for analysis [27].

Dry-channel inlet-outlet temperature difference [28]:

AT = Tdry,in - Tdry,out @)

where Ty, i, is the dry-bulb temperature of air in the inlet of the dry channel, °C; Ty, oy
is the dry-bulb temperature of the air exiting the dry channel, °C. The inlet and outlet
temperatures can be obtained from the temperature and humidity sensors.
Calculation formulas for wet-bulb effectiveness and dew-point effectiveness:
o Tdry,in - Tdry,out

Cwb = 8)
v Tdry,in - wa,in

Tdry,in - Tdry,out
Uy = T Tapm ®
dry,in — Ldp,in

where ey, and ¢, are the wet-bulb effectiveness and the dew-point effectiveness of the
cooler, respectively; Ty, ;, is the wet-bulb temperature of the air entering the dry channel,
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°C; Tip,in is the dew-point temperature of the air entering the dry channel, °C. They can be
obtained from the psychrometric chart.
Cooling capacity:
Qcooling = Cp,apaV(Tdry,in - Tdry,aut) (10)

where ¢, is the specific heat capacity at constant pressure, J/(kg-K); p, is the dry air
density, kg/m?; V is the product air flow rate, m®/s. Wind speed can be obtained using a
hot-wire anemometer.

Energy efficiency ratio (EER) is defined as the ratio of sensible cooling capacity to
total power consumption. In this study, the system power is supplied by two fans. The
power consumption of auxiliary components such as the data-acquisition unit is negligible
compared with that of the fans and is therefore excluded from the EER evaluation.

Qcooling

EER =
Pfan

(11)

The power consumed by the fans can be obtained from the power monitoring instrument.

4.4. Uncertainty Analysis

In the experiments, the temperature and humidity measurements were affected by the
inherent errors of the instruments, causing indirectly derived values to deviate from the
true values [29] and thus not fully reflect the actual conditions. Therefore, it is necessary
to perform an uncertainty analysis for the instruments and the derived parameters. The
calculation formula for experimental uncertainty [30] is as follows:

G GG GO E) @

In this equation, Ay and Ay/y denote the absolute and relative uncertainties of the

dependent variable, respectively, where y represents the indirectly measured value (ob-
tained by calculation); f is the functional relationship of several independent variables x;;
Ax signifies the uncertainty of the directly measured (independent) variable.

The uncertainties of the directly measured values are listed in Table 4. The uncertainty
of indirectly measured values (wet-bulb effectiveness, dew-point effectiveness, etc.) is
calculated according to Formula (12).

Under the enthalpy chamber conditions of a dry-bulb temperature of 33.8 °C, relative
humidity of 51.7%, inlet air velocity of 2 m/s, and air mass ratio of 0.44, the uncertainties
of the evaluation indices are summarized in Table 5. The derivation process is as follows:

Table 5. Uncertainty analysis of evaluation indices.

Evaluation Metrics Nominal Value Absolute Uncertainty Relative Uncertainty
Wet-bulb effectiveness 92.8% +3.6 3.9%
Dew-point effectiveness 68.9% +3.2 4.7%
Cooling capacity 105.6 W +4.1 3.8%
EER 15.1 +0.6 3.9%
Uncertainty of wet-bulb effectiveness:
2 2 2 2 2 2
Aeyp of ( ATiry,in ) n of ( ATgry0ut ) n ( of ) ( ATy in ) (13)
Ewb aTdry,in Ewb aTdry,out‘ Ewb awa,in Ewb

https:/ /doi.org/10.3390/buildings16030477


https://doi.org/10.3390/buildings16030477

Buildings 2026, 16, 477 13 of 24

Uncertainty of dew-point effectiveness:

2 2 2 2 2 2
Asdp af ATdry,in af ATdry,out af Apo,in
—F = + + (14)
Edp aTdry,in Edp aTdry,out Edp apo,in €dp

Uncertainty of cooling capacity:

2 2 2 2 2
AQcooling _ af ATdry,in i af ATdry,out + (af)z AV (15)
Qcooling aTdry,in Qcooling aTdry,out Qcooling 1% Qcooling
Uncertainty of EER:
2 2 2
AEER of ATryin \ > L _of ATy out \ > (2 2/ AV \2 (o APfo\ 16
EER  \ \ T4y EER T gryout EER av )] \ EER Pran EER
5. Results

5.1. Effect of Inlet Air Velocity
5.1.1. Thermal-Moisture Distribution in the Channels Under Different Inlet Air Velocities

Figure 9 illustrates the temperature and humidity distributions in the dry and wet
channels under different inlet air velocities. As the air velocity increases from 0.5 m/s
to 2.0 m/s, the temperature along the dry channel decreases, while the relative humidity
increases correspondingly. As shown in Figure 9a, the sensible heat recovery within the
0-100 mm region is pronounced. This segment maintains a stable temperature drop of
3.9-4.5 °C, contributing more than 45.8% to the total temperature reduction. This is driven
by enhanced convective heat transfer, resulting from the large temperature difference
between dry and wet channels, the addition of fins, and the removal of hydrophilic material
thermal resistance. The temperature drop in the latent heat exchange section (100-500 mm)
monotonically decreases with increasing wind velocity, falling by 23.8% from 4.6 °C at
0.5m/s to 3.5 °C at 2.0 m/s. The terminal section (400-500 mm) serves as the depletion
zone for heat exchange potential energy. The increased air velocity shortens the residence
time, further limiting heat exchange. The terminal temperature drop decreases from 1.1 °C
at0.5m/sto0.2°Cat2.0m/s.
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Figure 9. Temperature distribution (a) and relative humidity distribution (b) with the different inlet
air velocities.

The relative humidity within the wet channel increases rapidly, as shown in Figure 9b.
Moist air can reach saturation within 100 mm and subsequently maintain a dynamic
saturated state within the 400-100 mm range. This indicates that Coolmax® bird eye mesh
fabric exhibits highly efficient evaporation performance and stable capillary water supply.
The sensible heat exchange section, being a pure air-to-air sensible heat exchange section
without moisture replenishment, causes a slight decrease in relative humidity. Additionally,
the temperature along the wet duct gradually increases. At an air velocity of 0.5 m/s, the
secondary air temperature rises from 25.3 °C at the cold end to 31.9 °C. Moreover, the
temperature rise gradient exhibits an increasing trend. In the wet channel, the closer to the
outlet, the higher the temperature of the primary air in the counterflow, thereby enhancing
the driving force. The heat exchange process is governed by residence time. Increasing

the air velocity to 2 m/s shortens the residence time, reducing the secondary air outlet
temperature by 3.7% to 30.7 °C.

5.1.2. Performance Parameters Under Different Inlet Air Velocities

Figure 10 illustrates the effectiveness, cooling capacity per unit volume, and EER of
the cooler under different inlet air velocities. The overall temperature drop is influenced by
the synergistic effects of residence time and convective heat transfer coefficient. As shown
in Figure 10a, when the air velocity increases from 0.5 m/s to 1.0 m/s, the unit’s total
temperature drop rises slightly from 8.5 °C to a peak of 8.9 °C before gradually decreasing.
When the air velocity is 2.0 m/s, the total temperature drop falls to 7.8 °C, representing a
12.3% decrease. Wet-bulb effectiveness and dew-point effectiveness also exhibit a trend of
first increasing and then decreasing, with the optimal air velocity range being 1.0-1.5 m/s,
reaching peak values of 105.9% and 78.3%, respectively. Figure 10b illustrates the effects of
inlet air velocity on the cooling capacity per unit volume and the energy efficiency ratio
(EER). When air velocity increases from 0.5 m/s to 2.0 m/s, the cooling capacity per unit
volume rises significantly from 1.25 kW/m? to 4.56 kW /m3. The linear increase in mass
flow rate exceeds the decrease in total temperature drop at high air velocities, resulting in
enhanced cooling capacity. However, the power consumption of axial fans is proportional
to the 1.35th power of air velocity, with energy consumption rising more rapidly as air

velocity increases, as shown in Figure 10c. This causes the system’s EER to decrease from
31.8 to 15.1.
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Figure 10. Performance of prototype versus inlet air velocity: (a) effectiveness and temperature drop;
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Research indicates that, within segmented dew-point evaporative cooling systems, air
velocity ranging from 1.0 to 1.5 m/s can achieve the optimal balance between performance
and economic efficiency. Within this range, the equipment not only maintains wet-bulb
operation with effectiveness >100% but also controls the energy efficiency ratio within a
highly efficient and economical range (EER 21-27). Therefore, to balance cooling perfor-
mance and energy consumption, the air velocity within the channel must be maintained
within a specific range. While the unit exhibits high cooling effectiveness within this range,
its cooling capacity remains relatively limited. To address this limitation in practical appli-
cations, a modular design approach can be adopted. By increasing the number of parallel
modules, a linear increase in total cooling capacity can be achieved while ensuring the high
efficiency and energy savings of each individual module.

5.2. Effect of Working-to-Intake Air Mass Ratio
5.2.1. Thermal-Moisture Distribution in the Channels Under Different Air Mass Ratios

Figure 11 illustrates the fitted distribution of temperature and humidity under differ-
ent air mass ratios. The working-to-intake air mass ratio (AMR) does not alter the primary
air velocity, so it does not significantly alter the trend of temperature and humidity changes
along the dry channel. However, increasing the AMR enhances the sensible heat recovery
effect in the sensible heat exchange section (0-100 mm). As shown in Figure 11a, the
temperature drop in the sensible heat section increases from 3.7 °C to 6.1 °C, representing
a 64.8% improvement. This is attributed to the fact that a higher AMR increases the heat
capacity of the secondary air while simultaneously enhancing the fin-induced disturbance
in the secondary airflow, thereby increasing the logarithmic mean temperature difference
and improving heat transfer efficiency. Comprehensive analysis of the temperature distri-
bution shows that the sensible heat section’s contribution to the total temperature drop
is primarily concentrated between 49.4% and 55.1%, highlighting the advantage of the
segmented design in recovering sensible heat at the wet-channel outlet.
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Figure 11. (a) Temperature distribution and (b) Relative humidity distribution with the different air
mass ratios.

Temperatures at various measurement points within the wet channel generally show
a downward trend, as shown in Figure 11b. As the AMR increased from 0.3 to 0.7, the
temperature at the 500 mm point of the wet channel decreased from 26.6 °C to 24.2 °C,
while at the 0 mm point, it drops from 32.1 °C to 28.4 °C, representing an average reduction
of approximately 2—4 °C. The increase in AMR enhances evaporation and heat capacity,
improves heat transfer efficiency, and results in a downward shift of the temperature curve
for the wet channel. The impact of AMR on relative humidity is primarily observed at
the boundary. Specifically, increased AMR enhances the cooling effect in the dry channel,
causing the relative humidity at the wet-channel inlet (500 mm position) to rise from 78.7%
to 90%. When secondary air flows through the sensible heat recovery section (100-0 mm)
at the outlet of the wet channel, desaturation generally occurs due to continuous heat
absorption while the absolute humidity remains constant.

5.2.2. Performance Parameters Under Different Air Mass Ratios

The temperature drops and effectiveness of the unit increase monotonically with the
air mass ratio (AMR). As shown in Figure 12a, when the AMR increases from 0.3 to 0.7,
the total temperature drop of the primary air rises from 7.2 °C to 9.6 °C, corresponding
to a 33.3% enhancement. The wet-bulb effectiveness increases from 85.8% to 114.4%,
and the dew-point effectiveness rises from 63.6% to 84.8%. However, the growth rate of
effectiveness has slowed down with increasing AMR. When the AMR increases from 0.6 to
0.7, the wet-bulb effectiveness only marginally rises from 113.2% to 114.4%. The high air
mass ratio achieves deep cooling but also drives the secondary air inlet humidity close to
saturation, weakening the mass transfer driving force and causing the performance gain

to exhibit diminishing marginal returns that ultimately approach the limit under these
operating conditions.
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Figure 12. Performance of prototype versus working-to-intake air mass ratio: (a) effectiveness and
temperature drop; (b) unit volume cooling capacity and EER.

As shown in Figure 12b, both the cooling capacity per unit volume and the EER
decrease as the AMR increases. The cooling capacity per unit volume decreases from
3.95kW/m3 to 2.26 kW/m?, representing a reduction of 42.8%. EER dropped from
25.3 t0 9.8, resulting in an effectiveness loss of nearly 61.2%. The increase in AMR causes
the reduction in product air mass flow to outweigh the increase in enthalpy drop, resulting
in reduced cooling capacity. The decrease in EER is caused by the dual negative effects of
diminished cooling capacity and elevated fan power consumption. While increasing the
AMR enables deeper cooling and higher effectiveness, it comes at the expense of cooling
capacity and EER. It is recommended to operate the AMR within the range of 0.4 to 0.5 to
achieve both superior wet-bulb cooling performance and high operational efficiency.
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5.3. Effect of Inlet Air Wet-Bulb Depression

Keeping the inlet air velocity at 1.5 m/s and the air mass ratio at 0.44, the input power
to the electric heater is increased to enlarge the inlet wet-bulb depression, defined as the
temperature difference between the dry bulb and wet bulb [31]. Consequently, the inlet
dry-bulb and wet-bulb temperatures increase from 25.2 to 40 °C and 19.5 to 27.9 °C, respec-
tively. Figure 13 presents five experimental sets of intake air and product air temperatures
measured as the inlet dry—wet-bulb temperatures increased, with the inlet air velocity
fixed at 1.5 m/s and the working-to-inlet air mass ratio at 0.44. The product air dry-bulb
temperature rises by 32.3% from 20.1 to 26.6 °C as the inlet wet-bulb depression expands
from approximately 5.6 to 12.1 °C.

45

—— Inlet air DB temp
40 - @- Inlet air WB temp
—&— Product air DB temp

Temperature(°C)
3 s s

5]
(=]
I

15 1 L L L L 1 1
7 8 10 11 12

6 9
Inlet air wet-bulb depression(°C)

Figure 13. Product and inlet air temperature variations with increasing inlet wet-bulb depression.

As shown in Figure 14a, the cooler effectiveness increases progressively with increas-
ing inlet air wet-bulb depression. When the temperature difference increases from 5.6 °C
to 12.1 °C, the wet-bulb effectiveness rises from 89.3% to 111.5% and the dew-point effec-
tiveness increases from 60.4% to 84.2%, corresponding to increases of 19.9% and 28.2%,
respectively. Primarily due to the increased difference between dry-bulb and wet-bulb
temperatures, the inlet air tends to become drier, leading to an increase in the saturated
vapor pressure gradient between the air and the water film surface. This increase effectively
enhances the heat and mass transfer process, thereby improving cooling efficiency. As
shown in Figure 14b, the unit’s cooling capacity and EER increase with rising dry-wet-bulb
temperature difference of the inlet air. The cooling capacity per unit volume rises from
2.2 kW/m?3 to 5.8 kW/m3, while the EER increases from 9.1 to 23.7. This is because, with
the inlet air velocity and working-to-intake air mass ratio held constant, the mass flow
rate of the product air remains constant and the fan power consumption changes only
marginally. It is worth noting that when the wet-bulb depression exceeds 9.2 °C, the
improvement in cooling effectiveness becomes less pronounced. This is mainly because
the product air temperature approaches the thermodynamic limit imposed by the inlet
air dew-point temperature. Thus, further increasing the inlet wet-bulb depression yields
only a marginal additional decrease in the outlet temperature. Overall, the cooler exhibits
superior performance with a large wet-bulb depression, i.e., under hot and dry climates.
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Figure 14. Performance of prototype versus inlet wet-bulb depression: (a) effectiveness, (b) unit
volume cooling capacity and EER.

5.4. Comparison with Previous Studies

The parameters and performance of the dew-point cooler developed in this study were
compared with previous similar studies [21,31,32], as shown in Table 6. All four studies
employed experimental methods with similar intake parameters. However, differences
exist in terms of channel length, channel structure, and water supply methods. Xu [21],
Duan [31], and Xu [32] all employed longer single-channel designs with spray water
supply systems, whereas this study utilizes shorter segmented channels combined with
a pump-free self-wicking water supply system. Compared to Xu’s work [21], the cooler
proposed in this study exhibits similar product air temperature and slightly higher dew-
point efficiency. Compared with the study of Duan [31], the present system achieves higher
wet-bulb effectiveness and EER, mainly due to the pumpless design, which eliminates the
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power consumption of the water pump and auxiliary equipment, and the short-channel
configuration, which reduces pressure drop and fan power demand. In comparison, Xu
et al. [32] removed the channel support baffles and adopted a corrugated heat transfer
surface with an intermittent water supply, achieving higher cooling efficiency and EER, but
with a longer channel length. Although differences in test conditions may exist among the
studies, the comparison still indicates the considerable potential of the segmented design
in terms of achieving high efficiency, compactness, and energy savings.

Table 6. Comparative analysis with previous studies.

Parameters Present Study Ref [21] Ref [31] Ref [32]
Method Experiment Experiment Experiment Experiment
Inlet air temperature (°C) 25.2-40 26-37.8 22.7-38.9 26-34.8
Inlet air relative 41.4-55.9 21.5-55.4 21.1-53.3 322715
humidity (%)
Channel core length (mm) 500 650 900 860
Channel structure Segmented Non-segmented Non-segmented Non-segmented
Water supply method Self-watering Spray Spray Intermittent spraying
Workmg—to;;rggke air mass 0.44 0.44 05 0.364
Inlet air velocity (m/s) 1.5-2.0 2.0 1.58-2.2 N/A
Product air 20.1-26.6 20-26.5 20.8-25.6 19.4-24.6
temperature (°C)
Wet-bulb effectiveness 89.3-111.6 N/A 36-76 104-128
Dew-point effectiveness 60.4-84.2 58-71 N/A 69-95
EER 9.1-23.8 N/A 2.8-15.5 16.5-40

6. Discussion

This study proposes and experimentally validates, for the first time, the feasibility
of a novel segmented heat-exchanging dew-point cooler. The experimental results not
only confirm the technical viability of the pumpless design but also demonstrate the unit’s
superior cooling performance. Although these preliminary findings are promising, several
limitations warrant further discussion:

(1) For broader applicability, the 400 + 100 mm segmentation should be adapted to
local climate conditions—specifically, the segmentation point should be advanced in humid
regions and extended in drier environments to account for variations in air saturation
characteristics. To quantify this behavior, future work will develop design correlations that
express the lengths required for saturation and sensible heat recovery as functions of inlet
conditions, channel geometry, and material properties.

(2) The long-term capillary performance of the porous fibers may degrade due to
dust accumulation, biological contamination, and mineral scaling. To enhance system
durability, future designs should integrate air filtration, antimicrobial treatments, and
water softening mechanisms. Moreover, quantifying water consumption per kWh during
sustained operation is essential to refine the overall performance evaluation framework.

(3) Future research will establish a segmented e-NTU model and conduct sensitivity
analyses. Subsequent outdoor testing under diverse climatic conditions will be conducted
to construct a climate applicability map, thereby facilitating cross-regional deployment of
the technology.

7. Conclusions

A dew-point evaporative air cooler with segmented heat exchange is proposed. The
wet channel is divided into two distinct heat exchange stages, and the capillary water-
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wicking capability of porous materials is utilized to replace conventional mechanically
sprayed water supply systems. First, the long-term wetting stability of the moisture-
conducting fibers under self-wicking conditions is experimentally evaluated. Subsequently,
the effects of various operating parameters on the heat and moisture distributions within
the unit channels and on the overall cooling performance are systematically investigated.
The main experimental results are as follows:

(1) Under capillary-driven (self-wicking) water supply, the horizontally placed porous
fibers remained uniformly wetted during 2 h of dynamic evaporation, with no dry patches
observed. The maximum fluctuation in the outlet air temperature was only 0.3 °C, indicat-
ing stable and reliable operation.

(2) Within the tested parameter range, a prototype device achieved a maximum wet-
bulb effectiveness of 114.4% and a maximum dew-point effectiveness of 84.8%, with an
energy efficiency ratio (EER) ranging from 9.1 to 31.8.

(3) The air-to-air sensible heat transfer in the sensible heat exchange section achieves
a maximum temperature drop of 0.6 °C/cm attributed to the combined effects of fin dis-
turbance and reduced thermal resistance from hydrophilic materials. This demonstrates
significant sensible heat recovery capacity and provides guidance for optimizing the chan-
nel length.

(4) The segmented heat exchange enhancement design creates a synergistic mechanism
of “rapid cooling followed by sustained heat exchange.” Under moderate humidity con-
ditions, it achieves a maximum temperature drop of 9.6 °C while reducing plate material
usage by approximately 15.4%, offering a compact and energy-efficient cooling solution for
future residential buildings.

Future research will focus on the long-term durability of porous fibers and address
key issues such as specific water consumption (L/kWh), development of e-NTU models,
and construction of climate applicability maps to support broader implementation in
practical applications.
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Abbreviations

The following abbreviations are used in this manuscript:

DB dry bulb, °C

DP dew point, °C

WB wet bulb, °C

EER energy efficiency ratio

DPEC dew-point evaporative cooling
AMR air mass ratio

RH relative humidity, %

IEC indirect evaporative cooling
Qcooling cooling capacity, W
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Ewb wet-bulb effectiveness, %
Edp dew-point effectiveness, %
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