THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




SIMULATION AND EXPERIMENTAL STUDIES ON
INDIRECT EVAPORATIVE COOLING SYSTEM WITH

POROUS MATERIAL

SHI WENCHAO

PhD

The Hong Kong Polytechnic University

2023



The Hong Kong Polytechnic University
Department of Building Environment and Energy

Engineering

SIMULATION AND EXPERIMENTAL STUDIES ON
INDIRECT EVAPORATIVE COOLING SYSTEM WITH

POROUS MATERIAL

Shi Wenchao

A thesis submitted in partial fulfilment of the

requirements for the Degree of Doctor of Philosophy

June 2023



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of my knowledge and
belief, it reproduces no material previously published or written, nor material that has been
accepted for the award of any other degree or diploma, except where due acknowledgement

has been made in the text.

(Signed)

SHI WENCHAO (Name of student)




Abstract

Indirect evaporative cooling, an air-conditioning (AC) approach based on physical
evaporation process, is one of the promising ways for energy saving of central air-conditioning
systems, especially in dry-weather regions with low wet-bulb temperature. Researchers have
recently established various simulation models with higher accuracy for different types of
indirect evaporative coolers (IECs) and optimized the experimental schemes for both IECs and
spraying systems. Existing studies show that reliable cooling performance can be guaranteed
by stable and continuous water spraying on the secondary air channel surface. However, the
water retention ability and wettability are usually unsatisfactory in the traditional IEC due to
the effect of gravity and surface property. Because water can only transiently adhere to the
vertical channel wall, the IEC has always been highly dependent on water spray systems, which
consumes much energy, and thus limits further improvement of the system coefficient of
performance (COP). It has been generally realized that more space needs to be provided for
water storage, and porous material is promising for solving this problem because its small
cavities are natural rooms for the liquid holdup. Accordingly, a novel plate-type cross-flow
indirect evaporative cooler with porous material (PIEC) was newly proposed in this thesis. The
developed porous structure in the IEC can effectively improve the water retention ability of the
secondary air channel surface, which is beneficial to reducing the system's dependence on the

water spraying system.

Firstly, the feasibility of using the porous material in the secondary air channel of the plate-
type cross-flow IEC for liquid holdup was experimentally demonstrated, and the cooling
performance of the PIEC was achieved under different spraying modes. The hybrid plate,
comprising a porous nickel layer sintered on a stainless-steel sheet, was designed and

manufactured. The porous nickel is to store water, while the smooth stainless-steel plate can



prevent water from seeping into the primary air channel. A water retention test was conducted
for the hybrid plate, which showed that the sprayed water can be collected in the porous zone
to support evaporation during the non-spraying period. Then, a cross-flow PIEC prototype
assembled by hybrid plates was tested in the laboratory. Experimental results confirmed that
the PIEC could not only cool the air under consistent spraying, but also keep the cooling effect
for a period of time at the cost of a slight temperature rise when water spraying was interrupted,

which indicates the relief of dependence on the spraying water.

Secondly, a three-dimensional (3-D) PIEC simulation model was established based on the
computational fluid dynamics (CFD) approach to forecasting the cooling performance of the
PIEC with different inlet air conditions under consistent and periodic spraying conditions.
Results predicted by this 3-D model were compared with the data obtained from the previous
experimental study for validation, which are in good agreement. Using this model, the
temperature and humidity distributions in the PIEC were presented over time when intermittent
spraying was implemented. In addition, the effects of various parameters on the dynamic
variation of the primary air outlet temperature, average wet-bulb efficiencies, and non-spraying

intervals have been quantitatively investigated.

Thirdly, considering the high computational requirements and resource consumption of
the established 3-D PIEC model, response surface methodology (RSM)-based regression
models were developed for this novel heat exchanger. These models were developed to forecast
the system performance more simply under the consistent spraying and periodic spraying
modes. The analysis of variance (ANOVA) was carried out for each response, and the influence
of the single factors and interactive terms of the controllable parameters on the response was
both revealed. In addition, a multi-objective optimization of the operating parameters of the

PIEC has been achieved based on the desirability function approach.



Finally, the PIEC system performance was investigated and compared from the energy,
exergy, and environmental (3E) perspectives under different spraying modes to exhibit the
advantages of using the period spraying resulting from the application of porous media. Results
show that the periodic spraying scheme can substantially improve the COP among the studied
cases, albeit with minor temperature fluctuations. Furthermore, the periodic spraying mode
increased exergy efficiency and reduced exergy loss ratio due to the decreased temperature
potential difference in the primary air side and humidity potential difference in the secondary
air side. Regarding the environmental benefits, the greenhouse gas emission of the PIEC in the

periodic spraying scenarios is less than that under the conventional consistent spraying mode.

The key academic contributions derived from this thesis are summarized as follows: 1) A
cross-flow PIEC was proposed to improve the liquid holdup on the secondary air channel
surface so as to alleviate the dependence on consistent water spraying operations. 2) The
feasibility of using the porous material and implementing the periodic spraying to replace the
traditional consistent spraying were fully verified by the designed experiments. 3) The
established 3-D model lays the foundation for predicting the PIEC performance under
consistent and intermittent spraying conditions, and the RSM-based regression models of the
selected responses offer a more straightforward approach for IEC performance forecasting and
optimization. 4) The advantages of the period spraying operation resulting from using the
porous media in the IEC were presented based on the performance comparison under the two
spraying modes from 3E perspectives. Overall, the novel PIEC proposed in this thesis exhibits
enhanced water retention ability and reduced dependence on spraying systems compared to

traditional IECs, providing valuable insights for the development of next-generation IECs.

Keywords: Air conditioning; Indirect evaporative cooling; Porous material; Consistent
and intermittent spraying strategies; Experiments; Simulation; Response surface methodology;

3E evaluation
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Chapter 1 Background and Introduction

1.1 Background

Achieving the carbon peak and carbon neutrality requires the transformation of the energy
system and the reduction of energy use [1]. Building energy consumption accounts for 40% of
the total primary energy consumption in developed economies [2]. One of the main drivers of
increased building energy use is the trend toward equipment electrification. With the rise of
technology and automation in buildings, more and more energy systems are being powered by
electricity, from lighting and heating, ventilation and air conditioning (HVAC) systems to
appliances and electronics. Another factor that has contributed to increased building energy
consumption is climate change [3]. Due to temperature rise from global warming, buildings
require more energy to maintain comfortable indoor environment, particularly in hot and humid
climates. This has led to a surge in demand for air conditioning, which is one of the most energy-
intensive building systems. Additionally, greater affordability for consumers has contributed to

increased energy consumption in buildings.

The swift expansion of the construction sector poses a potential pressure on the goal of
reaching peak CO2 emissions by 2030 in mainland China [4], and failing to meet this target
could lead to undue strain on the energy supply system [5]. These circumstances highlight the
importance to employ rigorous energy-efficient approaches in building sectors. In Hong Kong,
as shown in Fig. 1.1.1, the building sector consumes 90% of total electricity and correspond to
over 60% of total carbon emissions [6]. Different building service systems provide various
functions for human activities, while 31% of the electricity consumption for air conditioning
(AC) system is still the most significant energy consumer among all items, which is followed

by refrigeration and lighting.
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Fig. 1.1.1 (a) Electricity generation - the largest source of local carbon emission (b) Electricity

consumption by end-user in Hong Kong

The AC system regulates indoor thermal comfort and provides fresh air for indoor
personnel. However, with the wider application of mechanical vapor compression (MVC)
devices, it consumes much more energy. According to the International Energy Agency (IEA),
adopting efficient cooling scenarios can almost halve energy consumption for AC, reducing
investment and operating costs by 3 trillion US dollars between now and 2050. As a large
energy consumer, it should be considered as one of the main building service systems for
energy-saving, integrating energy-efficient and environmental-friendly technologies. In
addition to relying on advanced or complex control strategies and variable drive technologies,
some scholars are focusing on the daily physical process of handling hot fresh air. Evaporative
cooling is one promising technology for achieving sustainable cooling (EC), which uses water
evaporation to remove heat from the indoor environment. EC has several advantages compared
with traditional MVC systems, including low energy consumption, low greenhouse gas
emissions, and the absence of harmful refrigerants [7]. Direct evaporative cooling (DEC) is
limitedly applied because the air cooling is obtained at the cost of humidity increase, while
indirect evaporative cooling (IEC) can cool the fresh air without increasing the moisture content,

which is more in line with occupant comfort requirements [8, 9]. The development of the IEC
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technology dates back to the early 20th century, with the first patent for this technology in 1906
[10, 11]. However, it was not until the 1980s that this technology gained popularity due to
increasing concerns about energy conservation and sustainable cooling design in buildings. In
the next section, the basic working principle of this sustainable passive cooling approach is

introduced.
1.2 Introduction of indirect evaporative cooling
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Fig. 1.2.1 The working principle and configuration of (a) cross-flow (b) counter-flow IEC

system

Fig. 1.2.1 presents the working principle and basic components of the counter-flow and
the cross-flow IEC system [12]. The system includes a pair of channels: the primary air channel
and the secondary air channel, which can also be called dry channel and wet channel. The
primary air channel serves as the supply air (fresh air), while the secondary air channel is the
working air. A water tank, water pump, and several spraying nozzles consist of the water

spraying system [13]. The water pump delivers the water from the bottom of the water reservoir



to the top nozzles, which spray and moisturize the surfaces of the secondary air channel. The
water membrane surface can be regarded as saturation. When the air passes over the water film
surface in the wet channel, the evaporation process occurs because of the moisture content
difference, which removes the latent heat at the same time. Hence, the plate can be chilled so
as to cool the air in the dry channel through convective heat transfer. In recent years, IEC has
been closely related to various fields. As a passive cooling (PC) technology, it could be
employed for cooling production, energy recovery, and ventilation in buildings [14-16]. In
addition to being utilized as the AC system in buildings, the integrated IEC system can be used
for seawater desalination with proper modifications and combinations with other equipment
[17, 18], and it has also been revealed to supply the cool air for the agricultural food storage

and the battery thermal management issues [19, 20].

Initially, both primary and secondary air in the IEC unit are sourced from the outdoor
environment, thereby making it a suitable option for hot-dry regions, and a promising
alternative to traditional mechanical cooling systems [21]. However, the status of outdoor air
usually fluctuates with time, and the cooling effect of the IEC is deficient when the wet-bulb
temperature of secondary air is high. In addition, the IEC unit is generally placed vertically, and
water cannot be well kept on the board due to the gravity, which requires continuous spraying
to form the liquid film so as to maintain a stable cooling performance. The continuous spray of
water pump consumes electric energy, and this has hindered the performance of the IEC system,

limiting its widespread adoption in the HVAC field.

1.3 Organization of the thesis

This thesis presents a detailed study into a novel cross-flow plate-type indirect evaporative

cooler with porous material integrated into the secondary air channel surface (PIEC), and



elaborates the research processes and outputs. The detailed configurations of this thesis are

illustrated as follows:

Chapter 2 provides a comprehensive review of the latest research progress in the field of
indirect evaporative cooling (IEC) technology. The review is mainly conducted on different
types of IECs and innovative embedded structures, common materials used for manufacturing
IEC units, and the enhancement of the spraying system. Based on the review, the research gaps

and objectives of this thesis are accordingly identified.

In Chapter 3, a PIEC prototype is designed and manufactured. The cooling performance
of the PIEC system is investigated using a test rig established at the PolyU laboratory. The
experimental procedures, test rig design and establishment, and manufacturing of the PIEC
prototype are described in detail. The experiments of the PIEC system are evaluated under

steady-state and dynamic-state conditions, and the results are analyzed and presented.

In Chapter 4, a three-dimensional (3-D) model is developed to predict the PIEC
performance under consistent spraying and intermittent spraying modes using the
computational fluid dynamics (CFD) approach. The model is validated by the experimental data
obtained in Chapter 3. The temperature and humidity distribution in the PIEC are presented
over time, and the influences of essential parameters on the performance are analyzed using
this model. Based on the temperature rise threshold required to restart the water spraying in the

secondary air channel, the temperature cycles are exhibited as well.

Chapter 5 proposes the regression model based on the response surface methodology
(RSM) for a quick and straightforward prediction of the PIEC performance, and the empirical
equations under the two spraying modes are accordingly formulated. Multi-optimizations are

conducted for the adjustable parameters based on the desirability function approach.



In Chapter 6, the energy, exergy, and environmental (3E) comparisons for the PIEC system
are conducted between traditional consistent spraying and the newly proposed periodic spraying
modes. Eventually, Chapter 7 summarized the main findings obtained from this thesis, and the

plans for future work are also presented.



Chapter 2 Literature review

This chapter provides a comprehensive literature review of recent research progress in the
field of indirect evaporative cooling (IEC). The review is categorized into three main parts to

provide a comprehensive understanding of the current state of the existing researches.

The first section concentrates on representative numerical and experimental studies that
present the modeling progress and performance enhancement of IECs with different
configurations. These studies encompass various types of IEC, such as counter-flow IECs,
cross-flow IECs, novel IEC structures, and hybrid IEC systems. The second part provides an
overview of the basic materials used for constructing the heat exchanger. The modifications of
materials to improve the performance of IEC are presented as well. The third part of the review
focuses on the importance of achieving good spraying ability in real-world situations. This
section emphasizes the critical role of the affiliated spraying system in ensuring the effective
operation of IEC systems. By exhibiting these categories, this chapter identifies the research
gaps in the IEC field and sets the foundation for the proposed novel cross-flow plate-type
indirect evaporative cooler with porous material integrated into the secondary air channel

surface (PIEC) in this thesis.

This chapter is written based on a published paper of this thesis author. The paper is titled
“Research development of indirect evaporative cooling technology: An updated review” in

Renewable and Sustainable Energy Reviews.

2.1 Numerical and experimental studies of the existing IEC
2.1.1 Counter-flow IEC

The counter-flow IEC is one of the most studied configurations in the published research.



As shown in Fig. 2.1.1, the primary air and secondary air flow in opposite directions in a
counter-flow IEC. However, with the increasing demand for cooling, the traditional counter-
flow IEC requires updates. It is known that the cooling temperature of the primary air is limited
by the wet-bulb temperature of the inlet secondary air. To achieve enhanced cooling
performance, two approaches have been proposed to extract cooled air from the adjacent
channel as secondary air, thereby obtaining a lower wet-bulb temperature (Fig. 2.1.1(b)-(c)),
which are named Maisotsenko cycle (M-cycle) IEC and regenerative IEC (RIEC) [8, 22, 23].
In recent years, fruitful research output has been achieved on the three forms of counter-flow

IEC.

|

Water film

Primary air channel (dry channel)
Secondary air channel (wet channel)

—
plate

(b) (c)
Fig. 2.1.1 Diagram of the counter-flow IEC

Riangvilaikul and Kumar developed a model for dew-point IEC that extracted a portion of
primary air into the secondary air channel and investigated the effects of geometric factors and
the working-to-intake air ratio, mainly considering the variation in the vertical direction [24].
Pandelidis et al. proposed a counter-flow IEC model based on the e-NTU method and compared
the IEC with conventional heat recovery equipment in temperate climate regions [25]. Lin etal.
established a simulation model of counter-flow IEC considering the longitudinal heat

conduction and the temperature gradient between the water membrane and channel sheet [26].



Chen et al. analyzed the effect of condensation in a simplified counter-flow IEC model and
incorporated the model with TRNSYS to predict cooling capacity for its application in a wet
market [27]. This study highlighted the importance of considering the condensation effect and
showed that the simplified model can provide reasonable predictions of the cooling capacity of
the system. Cui et al. discussed the precooling potential of the counter-flow IEC in tropical
weather conditions using a two-dimensional (2-D) Computational Fluid Dynamics (CFD)
approach [28]. Zhu et al. developed a three-dimensional (3-D) CFD model of counter-flow IEC
that considered the temperature and humidity gradient in the channel gap direction (Fig. 2.1.2).
The discrepancies between experimental tests and the present 3-D model were less than 3.77%,
and the 3-D model increased the simulation accuracy by 5.46% compared to the traditional 2-
D model [29]. Lin et al. established a transient dew point indirect evaporative cooler (DPIEC)
model with validation from experiments, which studied the transient and step responses of the
system. They reported that the settling time of the system was high sensitive to the inlet air
status, ranging from 50 seconds to 300 seconds under their setting conditions [30]. Li et al.
established three IEC numerical models with diverse airflow arrangements, and the exhaust air
was recovered as the secondary air. They reported that irreversible primary air heat transfer and
secondary air mass transfer accounted for more than 90% of the exergy loss [31]. Castillo-
Gonzdez et al. fabricated a novel IEC sheet by combining the polyvinyl alcohol with felt and
polylactic acid with bronze. The former was expected to enhance the water absorption ability,
and the latter improved the droplet drainage. The dew point efficiency and COP of this IEC
system reached up to 0.9 and 22.7 in the experimental cases [32]. Kabeel et al. added baffles
into the counter-flow IEC to promote heat transfer because they generated small internal vortex
in the primary air channel, as presented in Fig. 2.1.3. Experimental results demonstrated that

the wet-bulb effectiveness of the IEC with baffles was at least 33.3% higher than that of the one



only with smooth surfaces. The primary air temperature drop also increased with the growing

number of internal baffles [33].
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Fig. 2.1.2 The 3-D counter-flow IEC model
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Fig. 2.1.3 IEC with innovative internal baffles in the primary air channel (the number of

baffles: 11)

Furthermore, the various IEC researches have produced a large amount of fruitful data,
which have been used to establish non-physical models for quick performance prediction. These
valuable data have been used to establish non-physical models for quick performance prediction.
Zhu et al. constructed a counter-flow IEC data-driven model based on an artificial neural
network (ANN) approach. The performance of the IEC can be investigated and optimized

effectively under different operating conditions. Results show that the optimal extraction air
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proportion, ranging from 0.3 to 0.36, reduced with the inlet air temperature and relative
humidity [34]. Pakari and Ghani developed a regression model for a counter-flow DPIEC. The
outlet air state was formulated by inlet operational parameters and geometric sizes. The
obtained correlation equations for outlet air matched the numerical and experimental data with
only 4% and 10% discrepancy, respectively [35]. According to Wan et al., correlations of heat
and mass transfer coefficients and outlet temperature were developed for a counter-flow IEC
[36]. The gap distance of channels was found to be most influential to the convective heat
transfer coefficients of primary air and secondary air and the mass transfer coefficient in the
wet channel. Rep had the most significant impact on the primary outlet dimensionless

temperature 6, , compared to other four indices.

In addition to being employed individually as a single cooling equipment, the counter-
flow IEC has been combined with other AC devices as an integrated system to contribute the
great cooling performance and energy saving. Nemati et al. proposed integrating the
underground air tunnel with IEC [37]. In this system, the ambient air was extracted into the
secondary channel and the earth-air heat exchanger. For the supply airstream, the surrounding
soil absorbs heat from the buried pipes that carried the fresh outdoor air, and IEC is responsible
for the further sensible cooling. This coupled system was proved not only to maintain desired
indoor thermal comfort but also saved 62% and 45% energy and water consumption,
respectively. Chen et al. developed a hybrid system that integrates a liquid desiccant
dehumidifier (LDD) and a counter-flow regenerative indirect evaporative cooler (RIEC) [38].
This system expands the application region of the IEC from hot and arid areas to hot and humid
climate conditions. The moist outdoor air is dehumidified by the strong solution film of lithium
chloride (LiCl) desiccant, which is an isoenthalpy process. After passing through the LDD, the
hot-dry air is delivered to the RIEC for sensible cooling. Wan et al. combined the counter-flow

IEC with synthesized phase change material (PCM) to make full use of the IEC to achieve the
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high cooling efficiency and the latent heat thermal energy storage to shift the peak load
simultaneously [39]. In this hybrid system, the temperature of the supplied chilled water can be

raised, saving the energy consumed by the chiller.

2.1.2 Cross-flow IEC

The cross-flow IEC, as shown in Fig. 2.1.4, involves the primary air and secondary air
flowing in separate channels, with the primary air flowing in the horizontal direction from left
to right side and the secondary air flowing in the vertical from bottom to top side. Water is
sprayed from the top side to the secondary air channel surface for generating the liquid
membrane for evaporation. The cross-flow structure is more prevalent in practice compared
with the counter-flow IEC due to its easier airflow arrangement and installation, and has been

studied extensively.
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Fig. 2.1.4 Diagram of the cross-flow IEC (a) 3-D structure (b) Left side view of two adjacent

half channels

An early study by Guo and Zhao numerically investigated the thermal performance of a
cross-flow IEC, which preliminarily revealed the effect of various parameters such as velocities,
channel height, and inlet air properties [40]. Zhan et al. established a mathematical model for a
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cross-flow Maisotsenko cycle (M-cycle) cooler and reported the impacts of inlet air properties
and geometric parameters on the outlet supply air temperature. Results showed that the cooling
effectiveness of this new type was 16.7% greater than the traditional IEC [41]. Pandelidis et al.
also conducted numerical analysis on the M-cycle cross-flow IEC unit and obtained a similar
conclusion that the improved cooling effectiveness was achieved by the M-cycle cross-flow
IEC [42]. Shi et al. developed a 3-D cross-flow IEC model considering the humidity variation
on the channel height direction, and the prediction accuracy was 5.8% higher than it of a 2-D
model on average [43]. Min et al. evaluated the condensation state when the cross-flow IEC
was applied in hot and moist areas, and a theoretical model was proposed to predict the
development trend of condensation [44]. Guo et al. also developed a cross-flow IEC model and
analyzed the effect of essential parameters on wet-bulb efficiency, condensation area ratio,
dehumidification ratio, and heat transfer capacity [45]. Kousar et al. conducted experiments on
the counter-flow and cross-flow IECs in three operating ranges, demonstrating that the cross-
flow IEC system has better exergy efficiency and less CO, emission [46]. Zhang et al. analyzed
the energy, exergy, economic, and environmental (4E) performance of a novel cross-flow IEC
diffused with liquid desiccant in the supply air side (IECL). Results showed that IECL had
better energy and exergy (2E) efficiencies than normal IEC because more water content can be
removed from the air. The favorable profitability and environmental benefits of the IELC were
also mentioned [47]. Furthermore, the innovative corrugated structure was imbedded into IEC
to improve cooling efficiency. As depicted in Fig. 2.1.5, the embedded corrugated wick could
noticeably increase the heat transfer area. They were made from cotton or paper so as to absorb
more spraying water for evaporation in the secondary air channel [48]. Zhou et al. investigated
the performance of two novel internal wicks, namely, the sinusoidal corrugated wick, and
triangular corrugated wick in IECs, which were compared to the flat plate-type IEC using CFD

simulations, which determined the first shape with optimal inclination angle of 45<49].
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Fig. 2.1.5 IEC with the corrugated wicks in the wet channel

Regarding the non-physical cross-flow IEC model developed based on the fruitful data
from numerical models and experiments, Kiran and Rajput developed the IEC effectiveness
model using artificial neural networks (ANN), adaptive neuro-fuzzy inference system (ANFIS),
and fuzzy inference system (FIS), and the ANN model achieved the best prediction among the
three approaches [50]. Shi et al. proposed a data-driven IEC model based on ANN, but this
model required a large amount of data to ensure the acceptable accuracy in the early stage, and
the number of hidden layers can greatly influence the modeling establishment speed [51]. Min
et al. proposed an empirical model to swiftly predict the cooling performance for the IEC with
energy recovery, the empirical equations of wet-bulb efficiency and dehumidification rate
(under condensation state) were accordingly given [52]. However, whether the condensation
would happen needs to be judged by the decision tree before using the equations, which also

cause extra calculation load.

The cross-flow IEC, in addition to its use as a standalone cooling equipment, has been
combined with other air conditioning devices in various engineering projects to enhance cooling
performance and achieve energy savings. Delfani et al. developed a model for IEC/PUA system
and validated it through experiments. IEC would reduce 70% of the cooling load against 55%

of the electricity saved for PUA [53]. Chen et al. simulated the IEC/AHU system under the
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climate in Hong Kong. The condensate produced by AHU was suggested to be collected and
reused as the spraying water for IEC. The annual energy-saving of the IEC pre-cooling section
was estimated to be 45% higher than the enthalpy-recovery rotating wheel system [14]. Min et
al. carried out on-site measurements of IEC/AHU in a wet market and monitored the monthly
cumulative cooling capacity for a whole year. The applicability in eight cities was discussed
and predicted [54]. Cui et al. compared the performance of the IEC/AHU system in five selected
regions with diverse weather characteristics, indicating that at least 35% of energy could be cut
down owing to the installation of the IEC pre-cooling unit [55]. They also supplemented the
research to explore the energy-saving potential of the IEC/VCRS system, which revealed that
47% of the cooling load was fulfilled by IEC at the cost of a little additional amount of fan

power [28].

2.1.3 1EC in other configurations

2.1.3.1 Counter-cross flow IEC

The counter-cross-flow IEC usually consists of many thin plates in a hexagonal shape [18,
56]. Fig. 2.1.6(a) shows a counter-cross cooler with a regular hexagon heat transfer surface.
The primary air and secondary air flow orthogonally at the entrance and the end of the channels
but switch into a counter-flow pattern in the middle section. Fig. 2.1.6(b) is the real object made
of aluminum foil. Theoretically, this counter-flow heat transfer area theoretically accounts for
58.6% while the remaining 41.4% area is in cross-flow heat exchange. Experiments were set
up to test the cooling effect of this cooler under diverse operating conditions. The produced air
temperature increased from 23.9 to 26.2°C with the inlet air temperature raising from 29.5°C to
35.5°C. The dew point effectiveness varied from 58.1% to 71.1%, and the highest COP could
reach 13.8. Hence, this proposed cooler was qualified as a pre-cooling device for the residential

AC system.
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Fig. 2.1.6 (a) 3-D diagram of the counter-cross-flow IEC (b) Real prototype of counter-cross-

flow IEC
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Fig. 2.1.7 Schematic diagrams of the hexagon DPIEC system [59]

Pandelidis et al. evaluated the application potential of the hexagon DPIEC system by
employing the black-box model based on regression equations. The data for the black-box
model originated from the test rig shown in Fig. 2.1.7. Results demonstrated that DPIEC could
cover 95% of the total cooling load with only 65% of seasonal electricity, which was much
more efficient than the energy recovery wheel in a hybrid system [57]. Pacak et al. further

established a 3-D CFD model for this heat exchanger and estimated the system COP [58].
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Fig. 2.1.9 Geometric model of the hexagonal PHE

Li et al. experimentally studied the coupled IEC/heat pump package with multiple modes
[59]. As observed in Fig. 2.1.8, two sets of water spraying systems can operate individually
with the variable climatic conditions. Four operation modes are available based on the on/off
status of two water systems: Mode 1 (IEC + ECHP): Two water loops are running. In this
scenario, the package can be regarded as an IEC followed by an ECHP. Mode 2 (IEC + HP):

Only the water loop of the exhaust air channels of the heat exchanger is operating. The package
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unit consists of an IEC with a regular heat pump module. Mode 3 (SHE + ECHP): Only the
condenser of the heat pump is under water spraying. The package operates as an air-to-air
sensible heat exchanger enhanced by an evaporative condenser heat pump. Mode 4 (SHE + HP):
Two water spraying systems are out of service. In such a case, the prototype could be regarded

as the combination of an air-to-air sensible heat exchanger and a regular heat pump.
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Fig. 2.1.10 Schematic diagram of the heat and mass transfer process in two adjacent channels

Zhang et al. proposed a hexagonal plate-type heat exchanger (PHE) with enhanced
dehumidification performance [60]. As presented in Fig. 2.1.9, the fresh air channel and
working air channel are sprayed with lithium chloride and water, respectively. The indirect
evaporative cooling in this heat exchanger can not only precool the fresh air but also play a role
in internal cooling during the dehumidification process. The dehumidification efficiency of a
heat exchanger is primarily affected by its various design parameters. Among all the design
parameters, the channel height is the most influential parameter on the dehumidification

efficiency. It was suggested that the optimal channel height should be 0.004 m to achieve the
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desired dehumidification efficiency. Additionally, the operating parameters of the heat
exchanger also play a crucial role in determining its dehumidification efficiency. Among the
studied parameters, the air speed has the most significant impact on the dehumidification

performance.

2.1.3.2 Tubular IEC

An early experimental study by Tulsidasani et al. assessed the impact of air velocities on
COP for a tube-type IEC. The outlet temperature, static pressure, and energy consumption were
examined [61]. Recently, a prototype of the ceramics tubular IEC was manufactured by Wang
(Fig. 2.1.11) [62]. For this cooler, water is sprayed on the outer surface of the ceramic pipe to
generate a water membrane. The fresh primary air flows inside the pipes horizontally, while the
secondary air sweeps across the pipes from the vertical direction, accelerating the evaporation
of the water film covering the outer surface of the pipe. It was observed from experiments that
the tubular structure could provide more uniform water film distribution on the outer surface.
The theoretical research was conducted to predict the thermal performance of the porous tubular
IEC as well, which was validated by the data from experiments [63]. Additionally, Sun et al.
optimized the wet-bulb efficiency of a tubular IEC based on a statistical approach named
response surface methodology (RSM) considering the effects of six parameters: inlet air
temperature, relative humidity, spray water flow rate, secondary-to-primary air ratio, primary
air resistance, and secondary air resistance. In summary, this novel tubular IEC was expected

to achieve a lower supply air temperature and promote efficient cooling [64].

The latest research from Gao et al. proposed an advanced tubular IEC. As shown in Fig.
2.1.12, water is sprayed from the small holes to the outer surface of the primary air pipe to
generate the liquid membrane with the aid of gravity. The heat and mass transfer coefficients

are 2.7 times enhanced compared with the normal plate-type cooler and reach 150 W/(m? K)
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and 0.04 m/s, respectively [65]. However, the large volume of the device, to some extent,

constrained its extensive application.
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Fig. 2.1.12 Advanced tubular IEC [65]

2.1.3.3 Heat-pipe based IEC

Heat-pipe-based IEC has also attracted attention in the past few decades [66-68]. The heat
pipe, with considerable thermal conductivity, has been incorporated into IEC for performance
enhancement. Fig. 2.1.13 shows a gravity-assisted, heat-pipe-based IEC with staggered pipes.

The section of the heat pipe in the dry channel serves as an evaporator to absorb heat from the
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primary air. The other side is equivalent to a condenser, attaching the spraying water to the
outer surfaces to generate water films and remove heat through evaporation. After the fluid
medium in the tube absorbs heat and evaporates into a gas state, the gas flows into the condenser
due to the saturation pressure difference between the evaporator and condenser. Then, it
recovers to the liquid state by releasing heat in the condenser and flows back to the evaporator
because of gravity and capillary action for subsequent circulation. During this process, the heat

is taken away by the evaporated water.

lﬁ-r—-—'w—p

Product air

Fig. 2.1.13 Schematic diagram of heat-pipe based IEC

2.1.3.4 Rotary IEC

The Rotary Indirect Evaporative Cooler was recently proposed by Pandelidis, which
functions by wetting the cooler portion that interacts with the secondary airstream in the
working section [69]. As shown in Fig. 2.1.14, water is applied solely at the entrance to the
working section of the heat exchanger, in relation to the rotary direction. The wetted filling in
the working section evaporates upon contact with the entering secondary air (2i in Fig. 2.1.14),
leading to a decrease in the temperature of the constituent plates. (2i in Fig. 2.1.14). As water
is only sprayed at the beginning of the working section, the thickness of the water film covering
the plates reduces as it evaporates while the filling moves through the working section. The
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dried and cooled filling moves into the product part following the rotary direction. The product
airflow (which enters the product section at 1i and exits at 10 in Fig. 2.1.14) flows counter to
the working airflow and cools without altering its humidity ratio by passing over the dry and

cool filling in the product section.

working part /

working part /
lo E

(a) (b)

lo 2i=lo

Fig. 2.1.14 Schematic diagram of the rotary IEC

2.2 Material of the IECs

When selecting the material for manufacturing the IEC, good thermal conductivity,
corrosion resistance, and durability are usually considered. In addition, poor water retention
ability and low wettability have been realized as the barrier to reliable evaporation from the wet
channel surface. As known from the IEC working principle, the heat is mainly taken away by
evaporative latent heat. Suitable materials significantly strengthen the performance because
they can keep water film evenly distributed for continuous and stable evaporation [70].
Generally, efforts made by the previous research can be assorted into two aspects. On the one
hand, the heat transfer area can be enlarged to contact more spraying water. On the other hand,

the hydrophilic coatings can be deposited on the secondary air channel surfaces, and the water
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membrane can be formed homogeneously. This section summarizes several materials adopted

in recent studies.

2.2.1 Metal

If the material is unable to disperse water droplets into thin film on the surface, the
evaporation rate may fluctuate largely. Thus, the material for IEC was expected to have both
good thermal conductivity and surface wettability [71]. Many IEC plates were made of metal
such as aluminum, copper, and their alloy. The summary of employed materials in existing
studies is presented in Table 2.2.1. It can be noted that aluminum is dominant and widely
applied due to its good thermal conductivity and hydrophilicity. Moreover, the slight thickness
of aluminum plates can be neglected, and they can be considered to have the same temperature

as the water film [72].

Table 2.2.1 Metal materials used in IEC studies

Research Material Type Thickness(mm)

[73] Aluminum Cross-flow plate 0.14
[74] Aluminum Plate 0.25
[75] Aluminum Plate 0.14
[76] Aluminum Plate 0.5
[77] Aluminum Plate 3

[78] Aluminum Plate 0.4
[56] Aluminum Plate 0.1

[79] Stainless steel Plate 1.5
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[80] Aluminum Plate 0.15
[81] Aluminum alloy Plate 0.15

[82] Copper Tube 10

2.2.2 Porous media

With the progress of manufacturing techniques and awareness of the heat transfer
enhancement, porous media have been employed to enhance the heat exchange process since
their many holes can bring a much larger contact area and disturb the boundary layer and flow
status [83-85]. Porous ceramics are widely utilized due to their high porosity, good thermal
conductivity, and corrosion-resistant ability [86]. High porosity brings larger specific surface
areas as well as water storage capacity. The good water storage ability makes it possible for the
spraying system to operate intermittently, reducing the energy consumption of pumps and the

usage of water resources.

(@) ()

Fig. 2.2.1 (a) Porous ceramic under the scanning electron microscope (b) Tubular porous

ceramic IEC

Regarding the application of porous media in the IEC studies, Wang et al. conducted an
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experimental study on a tubular porous ceramic IEC (Fig. 2.2.1)[62]. A non-permeable
membrane was coated on the surface towards the primary air to avoid water penetration. This
ceramic IEC was compared with an aluminum IEC covered with textiles on the outer tube
surface. Results demonstrated that the porous ceramic IEC could maintain the produced cooling
capacity consistently for 100 minutes after 5 minutes of thoroughly wetting by spraying water.
Therefore, an intermittent spray strategy could be achieved, and the energy cost of the water
pump could be considerably saved. Sun et al. supplemented theoretical research on this porous
tubular IEC by establishing a CFD model for it, and the length of the IEC and spacing distance

among tubes are optimized [63].
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Fig. 2.2.2 Schematic diagram of a building integrated porous ceramic RIEC

2.2.3 Surface treatment

In addition to exploring the reliable material, the surface treatment also attracts research
attention. The IEC channel surface can be treated to improve the cooling performance. The
purposes of surface treatment in the primary air channel and secondary air channel are different.

Good wettability and water retention ability are required in the wet channel surfaces for
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sufficient evaporation, while the condensed water is unexpected to stay on the surfaces of the

primary air channel as the additional thermal resistance.

As known from the existing literature, an evenly distributed thin water film is usually
assumed with a constant thickness in the wet channel surface. However, sometimes large water
droplets cannot disperse into a thin water film due to surface tension and poor hydrophilicity of
the surface material in the real situation. In order to improve the surface wettability, the plate
surface towards the secondary air side can be further treated. Generally, two methods are now
technically available in the industry and welcomed by researchers. One is to attach materials
with strong water-absorbing characteristics, such as fiber and cotton. The other is to cover the

hydrophilic chemical coating.

The heat and mass transfer on surfaces covered with fiber has captured interest in the past
few decades [48, 76]. As for the IEC application, some fabrics (textiles) weaved from different
fibers were attempted for their moisture-absorbing ability. Test results have revealed that the
evaporation and diffusion abilities of fabrics on the wet channel surface were 77% to 93% and
298% to 396% higher than those of a smooth surface, respectively [71]. Although most of the
fiber materials cannot be directly made as plates for coolers owing to their weak mechanical
properties compared with metal and ceramic, they can be fabricated on the base plate surface
to increase the heat and mass transfer area and absorb more water. Fiber materials are
commonly available in daily life, and the price is affordable. Table 2.2.2 shows some
combinations of the base plates and attached fiber materials in experimental studies. Duan et al.
not only tested several sets of combinations, but also provided the bonding treatment ways,
specifically hot-melt and adhesive methods [89]. The IEC attached absorbent materials on the
secondary channel surfaces was proved to be more effective for evaporation. However, some
drawbacks exist and become barriers to the broader application of fiber materials. Firstly, the

wetted fiber surface is easy to introduce and breed bacterium and pollute the air and channels,
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making more troubles for hygiene treatment. Secondly, the life span of the existing water-
absorbent fiber material is not long enough so that frequent replacement of the wick is needed,

consequently increasing the maintenance requirement [16].

Table 2.2.2 Configuration of the base plate and covered material in experiments

Research Base plate material Coated material
[90] Polystyrene Nylon fiber
[89] Wax Kraft paper
[41] Polyethylene Fiber sheet

[24, 91] polyurethane Cotton sheet
[92] Aluminum Porous fiber
[76] Aluminum Felt
[93] Aluminum fabric
[33] Aluminum cotton

Surface coating technology has been employed to promote the formation of a water film
without the risk of breeding bacteria. Lee et al. investigated the effect of porous coating on the
aluminum surface of a RIEC [74]. Guilizzoni et al. studied two different coatings for IEC,
namely, standard epoxy coating (STD) and hydrophilic lacquer (HPHI) [81]. An experimental
study was conducted to test their contact angle and water retention ability of them. Photographs
revealed that the HPHI led to a lower contact angle than STD, and consequently made a
significant growth of the hydrophilicity in the wet channel, corresponding to 10% cooling
performance improvement. Kashyap discussed the effects of four surface modifications on a

regenerative IEC (RIEC), namely, flat surface, capsule embossing surface, finned surface, and
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corrugated surface [94]. Min et al. immersed the primary air channel using (R2SiO)x aqueous
solution to improve the hydrophobicity of the surface. The dehumidification is difficult to
develop as condensation film so that can be drained in the form of water droplets. The energy
saving rate through the hydrophobic coating was enhanced within the range of 8.5% to 17.2%
[95]. The impact of using ternary composite nanofluids on the RIEC was also analyzed [96].
Tariq et al. examined four different evaporation mediums, namely water, CuO nanofluid, TiO>
nanofluid, and Al.O3 nanofluid, in a M-cycle cross-flow IEC system. They suggested that the
optimal medium for this system was the Al.Oz—water nanofluid, with a recommended particle
volume concentration of 1% and a particle size diameter of 20 nm [97]. Chen et al. investigated
the influence of hydrophilic nano-cooling of TiO2/SiO2 on the secondary air channel surface for
better wettability. Results showed that the nano-coating has a tiny effect on the thermal

conductivity but significantly enhances the water diffusion [98].

Condensation occurs in the primary air channel surface when hot-humid outdoor air is used
as the secondary air from the air-conditioned indoor space. Literature has illustrated that
filmwise condensation (FWC) is more likely to be generated on hydrophilic surfaces, which
leads to additional thermal resistance compared to hydrophobic surfaces [99, 100]. It has been
reported that condensation on the surface tends to change from dropwise condensation (DWC)
to FWC in the evolution process, generating the water film on the primary air channel and
causing additional thermal resistance. This led to a 14.8% deterioration in the wet-bulb
effectiveness of IEC [101]. Therefore, it is recommended to use a hydrophobic treatment on the
primary passage surface, which can increase the contact angle between water droplets and the
surface, thereby improving the droplet drainage ability. By improving droplet drainage, the
hydrophobic treatment can reduce the likelihood of FWC occurring on the surface, leading to

improved cooling performance. [44].
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2.2.4 Other materials

In addition to different kinds of metal, metal alloy, porous ceramic, and fiber sheets, a
variety of organic materials such as polystyrene [90], polycarbonate[102], polyurethane [24],
polyethylene phthalate [103, 104], polyvinyl chloride (PVC) [105], cotton sheet [91], clay [106],
and polyethylene terephthalate (PET)/cellulose [107] are also adopted to make the plate type or
tubular type IECs. Although their thermal conductivity was lower than metal materials, their
thermal resistance was small due to the thin thickness of the plate so as to satisfy the
experimental requirements, which was neglected in the model development as well. However,
the choice of material should be carefully considered based on its thermal properties, durability,

and compatibility with the specific application.
2.3 Spraying system improvement

In the previous sections, the IEC has been reviewed from numerical and experimental
studies on the traditional and novel configurations, and commonly-used materials and surface
modifications, which almost focus on the heat exchanger itself. Many numerical studies assume
an even and thorough water film coverage, while achieving this in experiments or engineering
is challenging. In practice situations, the spraying system can significantly influence the
wettability so as to determine the cooling performance of IEC [108, 109], and it should be
designed carefully to minimize experimental errors by proper distribution arrangement.
Therefore, the studies on the water spraying system optimization should also be reviewed as
follows, which are usually concerned from the viewpoints of spraying position, spraying nozzle

types, and spraying nozzle layout.

A theoretical study has been conducted by Lacour et al. using a 3-D model, which was

created through CFD to calculate the temperature and humidity distribution during the process

29



of spray water dispersion. The study discussed the spray radius, nozzle aperture, water and air
velocities, and the optimal distance between the nozzle and the heat exchanger [110]. Similarly,
Montazeri et al. conducted a simulation of the behavior of sprayed water in an evaporative
cooling system and validated it successfully with a wind tunnel test within 10% discrepancy

[111].
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Fig. 2.3.1 Spraying system configuration in (a) Top arrangement (b) Horizontal arrangement

[108]

In addition to theoretical analysis, experiments were also conducted to optimize the system
design. Ahmed et al. conducted several experiments under varied air velocities and
temperatures, focusing on three spraying modes: external mode, internal mode, and mixed
mode. The internal spraying strategy was ultimately identified as an effective approach to
enhance the heat and mass exchange for the hexagonal plate cooler [105]. De Antonellis et al.
analyzed the impact of water nozzle position and airflow directions on performance for a cross-
flow IEC. Six configurations between the nozzles and the heat exchanger were evaluated, and
top and horizontal spraying configurations were recommended for ideal water distribution, as

depicted in Fig. 2.3.1 [108].

Sun et al. examined five types of spraying nozzles, namely, spiral, conical, square, sector,
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and target impact nozzles. They are installed on the top side of the water distribution grid (Fig.
2.3.2(c)). Both the target impact nozzle (Fig. 2.3.2(a)) and the spiral nozzle (Fig. 2.3.2(b)) had
a good coverage ratio and uniformity. However, it was found that the target impact type
consumed a large amount of water, which may not be suitable in regions lacking water resources.

Therefore, the spiral type was finally recommended as the optimal choice [109].
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Fig. 2.3.3 Multiple spraying nozzle arrangements

31



Ma et al. proposed a numerical model to forecast the spray water density distribution of
solid cone nozzles on the impact surface with uniformly divided square grids [112]. The actual
water spray density calculated from this model can be employed for corrections of the wetting
factor in the published numerical model. Fig. 2.3.3 shows multiple spraying nozzle
arrangements. The optimal arrangement scheme was determined based on the uniformity
coefficient and coverage ratio of the water spraying, with the nozzles placed above the heat
exchanger at a distance of 160 mm on the centerline. This optimized nozzle arrangement
scheme was demonstrated to greatly improve the cooling and dehumidification performance of

IEC compared to the other original layouts of the nozzles.

2.4 Research gaps

The above comprehensive literature review has indicated that the IEC has been developed
rapidly with the advantages of low energy consumption, low greenhouse gases emission, and
absence of the harmful refrigerants. The traditional counter-flow IECs and cross-flow IECs
have been comprehensively investigated in the past few decades. The theoretical studies of the
normal IECs were carried out from many aspects such as various input parameters, creative
shapes of the heat transfer sheet, different airflow arrangements, and innovative internal
structures. The experiments of the fruitful IECs with difference configurations, materials, and
optimization of the spraying directions and layouts were implemented as well. However, despite
significant advancements in the field of IEC from various perspectives, several research gaps

still exist, which can be summarized as follows:

1) From the perspective of the IEC type, to the best knowledge of the author, although the
IEC has been developed in various configurations using different materials and
embedded wicks as illustrated in section 2.1 and section 2.2, the cross-flow plate-type

IEC with porous material on the secondary air channel surface (PIEC) was yet to be
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2)

3)

4)

proposed in the previous study. In addition, no commercial product or prototype has

been manufactured and evaluated.

For the spraying system, as introduced in section 2.3, the published studies focus almost
on the nozzle selections, design of the nozzle distributions, and spraying positions and
angles, which always require consistent water spraying. In other words, the spraying
strategy is unique and unalterable, and the water needs to be continuously supplied for
evaporation when the IEC system is operating. The introduced porous structure can
provide the space for water storage, enabling both traditional and periodic operation
modes of the spraying system. However, the feasibility of switchable spraying modes
and the cooling performance of PIEC under the steady and dynamic states was rarely

investigated.

Regarding the modeling, studies on the development of 1-D and 2-D IEC models have
been frequently found for cooling performance analysis and prediction. These models
can show the temperature or moisture content gradients in the airflow direction, while
the profiles of air temperature and humidity along the channel height direction are
required to be simplified as constant. However, air properties are different at each point
in the heat exchanger, which can only be comprehensively presented using a 3-D model.
To date, the 3-D model of the novel PIEC was seldom established under different

spraying conditions.

The developed 3-D model offers reliable accuracy in predicting the performance of the
PIEC, which requires a high level of computing configurations and consumes
significant computational resources, making it impractical for use in the real
engineering applications. A more straightforward approach to forecasting the PIEC

performance can facilitate the possible and convenient usage in reality. However, the
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5)

regression models of this newly proposed PIEC were lacking. The operating parameters

need to be optimized in the reasonable ranges as well.

With the embedded porous media in the secondary air channel, the water system is
anticipated to operate intermittently. Nonetheless, very little research evaluated and
compared the energy, exergy, and environmental (3E) performance of the PIEC under

the conventional consistent spraying and intermittent spraying conditions.

2.5 Research objectives

The research objectives can be proposed to bridge the research gaps identified in section

2.4. The research flow chart of the thesis is presented in Fig. 2.5.1 to show the process and

connection among each component. The research objectives of this thesis are as follows:

1)

2)

3)

To propose, design, and manufacture an innovative cross-flow plate-type IEC with

porous material on the secondary air channel surface (PIEC).

To validate the feasibility of using the porous material to temporarily store the water
for evaporation and maintain the cooling performance by experiments. The feasibility
of the intermittent spraying mode is explored through experiments, which is the greatest
distinctness between the newly proposed cross-flow PIEC and the traditional I1EC.
Additionally, the experiments can provide the data for the validation of the simulation

model.

To establish a 3-D model for the PIEC and predict the cooling performance under
sufficient spraying and intermittent spraying. This model is going to be verified by the
data obtained from the experiments, which can forecast the distributions and variations
of aimed parameters in a period of time. The influences of essential input factors on the

PIEC performance can be revealed as well.
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4)

5)

To develop regression models and conduct the optimization for the adjustable
parameters. The obtained equations can significantly facilitate the calculation process

and provide reliable predictions in common ranges of the PIEC input parameters.

To conduct the energy, exergy, and economic (3E) comparisons of the PIEC system
between traditional consistent spraying and the novel periodic spraying. The
advantages of the PIEC using the new spraying plans will be revealed from the three

perspectives.
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Chapter 3 Experimental study on the performance of the PIEC

prototype with dual spraying modes

Chapter 3 presents the experimental study on the performance of the novel indirect
evaporative cooler with porous material (PIEC). The comprehensive experiments are conducted
in a constructed test platform at the PolyU laboratory. This chapter is structured as follows:
Firstly, the experimental system is established and described, including its configurations and
the measurement devices used. Secondly, with awareness of the potential of porous media for
water storage, the plate-type cross-flow PIEC is proposed. The design, manufacturing craft,
water retention test, and comparison between the bare surface and porous surface of a PIEC
prototype are illustrated. Then, the experimental procedures are illustrated in detail, and the
factors that influence the cooling performance were investigated. Finally, the results of the

experiments are analyzed.

The purposes of this experimental study can be summarized in the following perspectives.
1) Examining the water retention characteristic of the porous structure of the PIEC prototype;
2) Exploring the feasibility of using different spraying modes for cooling production; 3)
Investigating the cooling performance under different spraying conditions; 4) Collecting the

real data for the validation of the PIEC simulation model established in the next chapter.

This chapter is written based on a published paper of this thesis author. The paper is titled
“Performance evaluation of a novel plate-type porous indirect evaporative cooling system: An

experimental study” in Journal of Building Engineering.
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3.1 Description of the PIEC system
3.1.1 Experimental setup

In order to evaluate the performance of this PIEC prototype, a test platform was first
established in the underground laboratory of Block Z at The Hong Kong Polytechnic University.
The schematic diagram of the platform is presented in Fig. 3.1.1(a), which contains a primary
air loop, a secondary air loop, and a spraying water system. A fan delivered the primary air in
the horizontal direction, while the secondary air, forced by another fan, passes through the PIEC
in the vertical direction from the bottom to the top side, promoting evaporation and escaping
from the top side. The air velocity of each fan was controlled by the control panel, ensuring
stable and consistent airflow. To measure and record the performance of the PIEC,
corresponding sensors were used to measure temperature, relative humidity (RH), airflow speed,
and pressure drop, as shown in Table 3.1.1. The power consumption of the water pump and
fans was recorded by power meters. To achieve the desired inlet air temperature, each air duct
was matched with an electrical heater, which was monitored by a temperature sensor. The outer

air ducts, water tank, and heat exchanger were insulated with sufficient thermal insulation.

Table 3.1.1 Specifications of measuring equipment

Parameter Instrument Range Measuring accuracy
Dry-bulb temperature Pt1000
) 0-50°C +0.3°C
of air Model: EE160
Pt1000
Relative humidity of air 0-100% +25% RH
Model: EE160

Air velocity Hot film anemometer 0-20 m/s +1% FS

38



Model: EE650
Air differential pressure
Pressure drop transmitter 0-200 Pa 0.2% ES

Model: YX-FYXS-010G

Power meter 0-20 A

Power +0.4% of reading
Model: VICTOR-7800 0-12 kw

Data logger GRAPHTEC GL800, 20 channels

FS: Full scale

During the test period, it was important to identify steady state conditions in order to ensure
accurate and reliable data collection. This was achieved by monitoring the fluctuations of outlet
temperature and relative humidity (RH) and ensuring that they were within #1% and 5%,
respectively, for at least 5 minutes, as implemented in the previous studies [44, 62]. All data
were collected by the sensors, which were sent and recorded in a data logger every second. The
data logger was connected to a laptop for monitoring. For the groups of steady tests, the average
values of the obtained data were calculated and used for further analysis. This ensured that the
data collected were representative of the steady-state conditions and reduced the impact of any
transient fluctuations or noise on the analysis results. The real scene of the test rig is presented

in Fig. 3.1.2.

Furthermore, as proposed in the recently published literature [12, 27, 104], using the cool
exhaust air from indoor areas as the secondary air to obtain a lower product air temperature was
applicable in this study. The test rig used in this study was established in a large underground
area equipped with an air conditioning (AC) system, which was designed to maintain a reliable
indoor thermal environment. As such, the secondary air used in the experiments was obtained

from the air-conditioned space within the underground area. The temperature and relative
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humidity of the secondary air were measured using T/RH sensors and were found to be 23°C

and 70%, respectively, with tiny fluctuations of 0.2°C and #1.5%, respectively.
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(a) T/RH sensor (b) Velocity sensor (c) Pressure drop sensor

— "2‘

(d) Temperature controller (e) Power meter

Fig. 3.1.3 Photo of measuring and control equipment in the test platform

3.1.2 Design and manufacturing of the PIEC prototype

Fig. 3.1.4 shows the layout of the PIEC prototype used in the experiments. In this design,
fresh outdoor air enters the PIEC horizontally from the left entrance and exits on the right side,
while the secondary air passes through the heat exchanger vertically from the bottom to the top.
The hybrid heat transfer metal plate of the PIEC was made by sintering nickel (represented in
yellow) on a smooth stainless-steel base plate (represented in gray). The use of sintered nickel
in the hybrid heat transfer plate has two main advantages. Firstly, nickel is stable in common
substances such as acids, alkalis, and salts, and is not easily corroded. compared to other metal

materials, such as aluminum foil used in IECs [113]. Secondly, because of the sintering craft,
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the porous layer is more solid than other existing fabric water-absorbing materials, which is
faded much slower when it suffers from the flushing water. In respect to the stainless steel, it is
extensively utilized in various industries such as transportation, food, pharmaceuticals,
cosmetics, chemicals, and machinery manufacturing owing to its outstanding corrosion
resistance, oxidation resistance, weldability, mechanical strength, and relatively low cost [114].
Several types of stainless steel are available in the existing industry such as 304 and 316. In this
thesis, the 304 stainless steel is used as the base plate. The physical properties of the two

selected materials are listed in Table 3.1.2 [115, 116].

Table 3.1.2 Physical properties of materials for manufacturing the hybrid plate

Property Unit Material name
304 Stainless steel Nickel
Density g/lem?® 7.9 8.9
Melting point °C 1450 1455
Thermal conductivity W/(m K) 16.2 88.5
Specific heat capacity JI(kg K) 490 452
Modulus of Elasticity GPa 193 199.5

The main manufacture procedure of the hybrid heat transfer plate is described as follows.
In the first place, the raw materials are stacked on the stainless-steel plate, which are put
together into the furnace for sintering. Sintering is a manufacturing process that involves
applying heat and/or pressure to a material to form a solid mass without melting it to a liquid
state. This process results in the compaction and formation of the material into a dense, solid

structure. Then, the plate is sintered in the protective atmosphere of high-purity hydrogen
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(purity > 99.999%) at a temperature of 1250°C for a duration of 2 hours. Finally, the composite

plate can be taken out after the furnace is cooled.

e
Secondary air outlet \

Sintered thin porous layer
(Material: nickel)

ply air

air outlet)

Smooth base plate
(Material: stainless steel)

Sintered thin porous nickel layer

) —
e *

Stainless steel base plate

Secondary air inlet

dry channel

Fig. 3.1.4 Views of the cross-flow PIEC with the plate structure

For the hybrid plate, the upper porous nickel is to absorb and retain the water, while the
below smooth metal plate can prevent water from seeping into the primary air channel. It needs
to be emphasized that the plate with the porous media is only employed in the secondary air
channel in this thesis. The stainless-steel surface towards the primary air channel has no special
treatment. Scanning electron microscopy (SEM) [117], which uses a beam of highly energetic
electrons to scan the surface of a sample and create high-resolution images of its topography
and morphology, is employed to observe the micro-structure of the bare surface and porous
zone. Fig. 3.1.5 displays the views of the smooth bare plate and the detailed structure of the
sintered nickel porous layer captured by SEM. The specifications of the PIEC prototype

manufactured for the experiments are listed in Table 3.1.3.
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Fig. 3.1.5 SEM pictures of (a) smooth surface of the base plate (b) sintered porous surface

Table 3.1.3 Basic specifications of the PIEC used in the experiment

Parameters Specification/value
L (mm) 400
W (mm) 300
d (mm) 5
Number of channel pairs 8
Porosity (&) 0.9
Pore diameter (um) 120-150
Thickness - base plate (mm) 0.5
Thickness -sintered porous layer (mm) 0.4

3.1.3 Water behavior on bare and porous surface

The hygroscopic property of the porous structure is expected to intensify the water storage
capacity and improve the channel surface wettability compared with the smooth metal surface,
which is an essential factor for effective cooling production. Therefore, the water retention tests
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that compare the characteristics of porous surfaces under spraying and non-spraying conditions
were conducted. Comparison between the bare surface and porous surface is also carried out

under spraying conditions. As shown in

Fig. 3.1.6, water was sprayed on half of the porous plate (the middle one), while the other
half was kept dry (the right one) in the water retention test. The spraying duration lasted for 2
minutes, after which the plate stood vertically to the ground for 10 minutes. It could be observed
that the sprayed water was absorbed in the tiny holes of the porous structure without forming
big water droplets, as seen in the dark gray color on the middle of the plate. In contrast, for the
right part in the figure, the porous surface was kept in dry conditions, thereby appearing lighter
in color than the middle part. Additionally, the sintered nickel porous layer exhibited good
sustainability, and the porous structure remained solid even though after repeated water
retention tests. This indicates that the porous structure of the hybrid heat transfer metal plate of
the PIEC has good water-absorbing ability under spraying conditions, which lays the foundation
for cooling production without consistent water spraying. Nonetheless, for the left part, the
water streamline can be easily noticed on the bare surface with large water droplets, and the

distribution of water film is not uniform compared with the middle wetted porous surface.

Fig. 3.1.6 Views of the bare surface and porous surface (left - bare surface; middle - porous

surface in wet condition; right - porous surface in dry condition)
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Fig. 3.1.7 The water droplet behavior on the stainless-steel bare surface

The behavior of water droplets on the bare surface and porous surface are captured as
shown in Fig. 3.1.7 and Fig. 3.1.8. As shown in Fig. 3.1.7, the contact angle of water on a
smooth stainless-steel surface is initially around 86°, which decreases to 66° within a span of 8
seconds. As known from the existing literature, contact angles greater than 90° signify
hydrophobicity, whereas those below 90° represent hydrophilicity [118]. This evidence can
confirm that stainless steel surfaces possess a certain degree of hydrophilicity. However, the

hydrophilic effect of stainless steel is considerably inferior to that of porous media surfaces.
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(a) Water fills the pores
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Fig. 3.1.8 The water droplet behavior on the porous surface

The behavior of water on porous media surfaces can be categorized into two distinct cases.
In the first case, when the pores are saturated with water, as illustrated in Fig. 3.1.8(a), the
contact angle of water on the porous surface is 24 < Subsequently, it exhibits a slight decrease
to 22<and remains constant thereafter. In the second case, when the pores are not entirely filled
with water, as depicted in Fig. 3.1.8(b), the contact angle rapidly diminishes from 20°to 8
within the initial 4 seconds upon contact with surface. Concurrently, the height of water
decreases significantly due to the availability of space within the porous region for water storage.
By the sixth second, the water is entirely absorbed. Consequently, the contact angle of water on
porous surfaces is substantially smaller than that on stainless steel surfaces, which indicates a

higher degree of hydrophilicity in porous media surfaces.
3.1.4 Performance indicators and uncertainty analysis

The wet-bulb efficiency, pressure drop, cooling capacity, and COP are adopted to evaluate
the performance of PIEC, which have been commonly used in the existing literature [52, 119].
The wet-bulb efficiency is defined as the ratio of the temperature difference between the inlet
and outlet primary air to the temperature difference between the inlet primary air and the
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secondary air wet-bulb temperature. Cooling capacity is a measure of the ability of a cooling
system to remove heat from a space or a process. The coefficient of performance (COP) is a
measure of the efficiency of a heating or cooling system. In the heating system, it is defined as
the ratio of the heat output of the system to the energy input. In the case of a cooling system,
COP is defined as the ratio of the cooling capacity to the electrical power input. The

corresponding equations of them are expressed from to

_ tp,in - tp,out (1)

ts,in - twb,s,in

Q; = mpcpa(tp,in - tp,out) (2)
_Q
cop = (3)

where n,,, is wet-bulb efficiency;
t,m and t, ., are inlet and outlet temperature of primary air channel, °C;
tsin and t,p s in are dry-bulb and wet-bulb secondary air inlet temperature, °C;
Q. is cooling capacity, W,
m,, is the mass flow of primary air, kg/s;
cpa 1S Specific heat of air, J/(kg-°C);

W is power, W.

Different air velocities and the on/off mode of the spraying system can both influence the

pressure drop, especially in the secondary air channel. The pressure drop is written by

AP =Py — Py (4)
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Uncertainty analysis is the process of quantifying and understanding the various sources
of uncertainty in a given system or model. The goal of uncertainty analysis is to identify the
sources of uncertainty in a system, quantify their impact, and propagate them through the
system to estimate the overall uncertainty in the final result [120]. In this thesis, uncertainties
of the data result from errors due to instruments during the experiment process, which are
calculated by the propagation of error equations expressed as and [121, 122].
According to the initial uncertainty information of each measuring equipment listed in Table
3.1.1, uncertainties of wet-bulb efficiency, cooling capacity, and COP are worked out as 4.74%,

3.19%, and 8.34%, respectively.

U= f(Xy,Xa) Xn) (5)

aY

A 5X,)? (6)

6U = aYSX 24+ aYSX 24+ +
= |Gx; 8¥0” + (G- 6% (
where §U represents the overall uncertainty of the target indicator; X, to X,, are the influential

factors.
3.2 Results and discussion

The results of experiments conducted on the PIEC prototype are presented from two
perspectives: 1) the steady state and 2) the dynamic state. During the steady state, water
spraying is continuous and stable from the beginning to the end of tests, while it is interrupted
during the dynamic state. The performance of the PIEC prototype for cooling outdoor fresh air

is evaluated, and the test ranges of different variables are listed in Table 3.2.1.

Before discussing the experimental results, the energy balance of the data should be

checked. Therefore, the comparison was carried out between the enthalpy loss and enthalpy
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gain that occurred in adjacent primary air and secondary air channels. The energy equations for

the air streams in two adjacent channels were written as and
Qp = MyCpalipin = ipout) (7)
Qs = MsCpqa (is,out - is,in) (8)

where m, is the mass flow of primary air, kg/s;
mg is the mass flow of secondary air, kg/s;
cpa 1S Specific heat of air, J/(kg-°C);
ipm and i, 5, are the inlet and outlet enthalpy of primary air, kJ/kg;

isoue aNd ig;, are the inlet and outlet enthalpy of secondary air, ki/kg.

Table 3.2.1 Test conditions of the PIEC under steady state

Variables tp,in (°C) vp (M/s) Vs (M/S) ts,in (°C) RHs (%)
tin(°C)  [26, 2, 32] 2.5 3

vp (M/s) 32 [2,0.5,3.5] 3 23 70

Vs (M/s) 32 2.5 [2, 0.5, 3.5]

Note: [a, b, c]: a — Start value; b — Interval; ¢ — End value.

The energy gain and energy loss of two adjacent channels in Fig. 3.2.1. It can be observed
that the maximum discrepancy between the enthalpy loss and enthalpy gain was within 220%,
and most of the points fall within the 10% deviation line. This indicates that the data collected

from the experiments were acceptable and could be used for further analysis.
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Fig. 3.2.1 Energy balance comparison of two adjacent channels

3.2.1 Steady state

To ensure the effective wettability of the channels in the PIEC prototype, the wet channel
surfaces were moisturized for 5 minutes prior to starting each experiment. In the steady state,
the water pump operated continuously at a constant speed with a power demand of 26 W during
the test period. The effects of selected influential parameters on the wet-bulb efficiency, cooling

capacity, and COP are accordingly illustrated as follows.

3.2.1.1 Effect of primary inlet air temperature

Fig. 3.2.2 illustrates the variations in wet-bulb efficiency, cooling capacity, and COP of
the PIEC prototype as the primary air temperature increases within the test range. The rising
inlet temperature corresponds to an improvement in these three performance indicators. It
shows that as the primary air temperature increases, the corresponding improvement happens
to these three performance indicators. Specifically, the wet-bulb efficiency was found to be
positively related to the increasing temperature. It started at 0.57 and reached 0.61 with the inlet

temperature increasing from 26°C to 32°C. This indicates that the PIEC prototype is more
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effective when supplied with higher-temperature primary air. Regarding cooling capacity, the
PIEC prototype was capable of producing up to 285 W of cooling when supplied with 32°C hot
fresh air. As the temperature of the primary air entering the PIEC increases, there is a
corresponding increase in the cooling load that the system can handle. The COP value of the
PIEC prototype was found to increase from 3.3 to 6.6 with higher temperatures, with the fan
and pump operation status remaining constant. This indicates that the system becomes more

energy-efficient as the temperature of the primary air increases.

0.84 320
—a— Wet-bulb efficiency
0.80 - —e— Cooling capacity § 4280
cop
0.76 -
| 140
02 b é =
- 4200 8
0.68 | e g
Y o
— 2
L - <160 =
0.64 i/// S
. O
0.60 - 4 120
0.56 |-
480
0.52 1 L 1 L 1 L 1 " 1 L | L 1
26 27 28 29 30 31 32

Primary air inlet temperature (°C)

Fig. 3.2.2 Effect of primary air inlet temperature on wet-bulb efficiency, cooling capacity, and

cor

3.2.1.2 Effect of primary air velocity

The pressure drop in the dry channel and the power variation caused by the primary air fan
were evaluated and presented in Fig. 3.2.3(a). as the airflow volume input in the dry channels
increased, there was a corresponding increase in power consumption and pressure drop.
Specifically, the primary air fan power load increased from 3.5 W at 2 m/s channel air velocity

to 9.1 W at 3.5 m/s, accompanied by a rise in pressure difference from 5.9 Pa to 20 Pa.
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Fig. 3.2.3 (a) Pressure drop and power consumption with primary air velocity (b) Effect of

primary air inlet temperature on wet-bulb efficiency, cooling capacity, and COP

The tendencies of the three performance indexes against the varied primary air velocity
under steady state are shown in Fig. 3.2.3(b). It could be seen that the wet-bulb efficiency
decreases with the growing with increasing primary air velocity, while the cooling capacity and

COP are enhanced. Specifically, the wet-bulb efficiency of the PIEC declined rapidly from 0.66
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to 0.53. The larger cooling capacity output could be attributed to higher air velocity ranging
from 2 m/s to 3.5 m/s, which correspondingly expanded from 243.4 W to 345.8 W. Additionally,

the system COP was noticeably enlarged from 5.9 to 7.3.

As the growing air velocity could negatively influence the wet-bulb efficiency but improve
the cooling capacity and COP, the trade-off between the wet-bulb efficiency and COP needs to
be taken into consideration. The single optimization can be generally categorized into two
directions. On the one hand, if the purpose is to obtain a lower supply air temperature, the air
velocity should be decreased, or the channel number can be increased in the design stage. On
the other hand, if the goal is to achieve the higher COP for energy saving, the air velocity can
be higher, given the circumstance that the requirement of outlet temperature is relatively loose.

The detailed multi-objective optimizations would be illustrated in Chapter 5.

3.2.1.3 Effect of secondary air velocity

The impact of increasing the secondary air flowing speed on the performance of the PIEC
prototype was evaluated, and the results are presented in Fig. 3.2.4. Enlarging the secondary air
flowing speed leads to additional power load and pressure drop. The power consumption of the
PIEC prototype increased from 7.2 W to 15.4 W with increasing secondary air velocity from 2
m/s to 3.5 m/s. Owing to the high airflow volume input, the significant growth of the pressure
drop of the secondary air channel starts from 7.8 Pa under 2 m/s and reaches 34.3 Pa in the case

of 3.5 m/s.

Concerning the effects on the three performance indicators, the higher secondary air
velocity was found to enhance wet-bulb efficiency and cooling capacity since the heat transfer
rate is positively related to velocity. As shown in Fig. 3.2.4(b), the wet-bulb efficiency of the
PIEC prototype increased from 0.56 to 0.63 with the development of secondary airspeed from

2 m/s to 3.5 m/s. The cooling load removed from the dry channel increased by 29 W. However,
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the COP curve showed an opposite trend as it dropped from 6.8 to 6.3, indicating that more

power needs to be input when the PIEC handles the same unit of heat.
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Fig. 3.2.4 (a) Pressure drop and power consumption (b) Effect of primary air inlet temperature

on wet-bulb efficiency, cooling capacity, and COP

As with the results presented in section 3.2.1.2, the trade-off between wet-bulb efficiency
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and COP is a key consideration when increasing secondary air velocity. Blowing more air into
the wet channel is a viable option when the priority is to achieve a lower outlet temperature.
However, this comes at the cost of significantly higher power consumption, with only a
marginal temperature drop of 0.8°C achieved. Conversely, when the primary aim is to save
energy, reducing the velocity of secondary air is recommended. This would require a trade-off
between wet-bulb efficiency and cooling capacity with a corresponding increase in COP. Again,
the multi-objective optimizations between the controllable parameters are carried out in Chapter

5.

3.2.2 Dynamic state

The water retention test has demonstrated that the porous material can provide the space
to temporarily store the water. Owing to the water storage capability of the porous material in
secondary channel surfaces, the water spraying system can be interrupted for a period of time,
and the stored water in the porous zone supports the evaporation process so that the primary air
outlet temperature of PIEC can be sustained for some time under this circumstance. In other
words, the spraying system is expected to operate intermittently and replace the traditional
consistent mode in the PIEC system. Experiments under dynamic state were therefore carried
out to not only explore the feasibility of the novel spraying strategy but also investigate the

cooling performance in this condition.

Generally, experiments were divided into two groups. The first set of experiments aimed
to monitor the temperature variation process of the wetted PIEC system over a 3600-second
period under non-spraying conditions. The results of this group provided valuable insights into
the time-dependent cooling performance of the system and enabled the determination of
temperature thresholds that would trigger the restoration of the water supply. The temperature

thresholds obtained from the first set of experiments were then used in the second group of tests,
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which involved periodic spraying based on these thresholds. Each test case in the second group
experiments received several temperature cycles, allowing for a more comprehensive analysis
of the PIEC system's performance under dynamic conditions. The periodic spraying strategies

were to maintain the outlet temperature of the PIEC system within a predetermined range.

During the preparation stage of the experiments, the PIEC prototype was sprayed by top
nozzles for 5 minutes to ensure it was fully moist before each test. The water used for spraying
was directly sourced from the domestic water system in the building, and the water flow rate
and temperature were measured as 0.03 kg/s and 22°C, respectively. These values remained
constant throughout the spraying period. Following the preparation stage, the fans were in
operation. In the first group tests, the water system was fully stopped when it made the primary
air outlet temperature to the minimum value as in the consistent spraying mode. In the second
group tests, the water spraying resumed working for 2 minutes when the outlet temperatures
reached threshold values. To enhance the cooling performance, the cool exhaust air from the
indoor space was introduced as the secondary air, similar to the tests conducted under steady-
state conditions. Table 3.2.2 lists the setting ranges and values of the essential parameters for

the dynamic tests of PIEC.

Table 3.2.2 Test conditions for PIEC prototype under dynamic state

Variables tp,in (°C) vp (m/s) Vs (m/s) ts (°C) RHs (%)
toin(°C)  [26, 2, 32] 2.5 3

Vp (M/s) 32 [2, 0.5, 3.5] 3 23 70

Vs (M/s) 32 2.5 [2, 0.5, 3.5]

Note: Two test groups: I) No water respraying; II) 6000 s with intermittent water supply.

[, b, c]: a—start value; b—interval; c—end value.
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3.2.2.1 Effect of primary inlet air temperature

Fig. 3.2.5(a) presents the influence of different inlet temperatures on the supply air
temperature of the PIEC when the spraying water is not provided all the time. Four different
inlet air temperatures ranging from 26°C to 32°C were tested, and all scenarios exhibited a
similar trend. After the secondary air fan started operating, the supply air temperature dropped
sharply initially, and the rate of decrease gradually slowed down as the temperature approached
the lowest value that the PIEC system could achieve. The coolest temperatures achieved were
22.1°C, 22.9°C, 23.5°C, and 24.1°C for the four different inlet air temperatures tested.
Following this, the temperature slightly increased for a duration as the limited water content
present in the porous material was evaporated. Toward the end of the experiment, a faster
temperature growth was observed as the water content was reduced. The supply air temperature
ultimately ends up at 23.6°C, 24.6°C, 25.7°C, and 26.5°C at 3600 seconds for the different inlet

air temperatures tested.

The temperature growth observed at the end of the experiment highlights the importance
of periodic spraying to maintain the acceptable cooling performance of the PIEC system over
time. Since the outlet temperature of the PIEC would gradually increase, it is crucial to recover
the water distributed to the secondary air channels at a certain temperature threshold to maintain
the supply air temperature within a reasonable range. In this study, the threshold was determined
as 0.5°C above the lowest temperature because the fluctuation of 0.5°C is not only acceptable
in the AC system but also can prevent the water pump from being excessively repeated between
on/off conditions. Following the rule, the water would be resprayed for 2 minutes (120 s) when
the temperatures increased 0.5°C from the lowest temperature every time. Fig. 3.2.5(b) shows
the results of several cycles realized using the intermittent spraying plans over a period of 6000
seconds, and the time interval of the non-spraying period was identified. It can be noticed that

the higher inlet air temperatures significantly reduced the entire cycle duration. The interval of
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the non-spraying period was 2105 seconds for an inlet air temperature of 26°C, while it was
reduced to 1398 seconds for an inlet air temperature of 32°C. As a result, up to 94.6% of the

pump operation time could be saved.
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Fig. 3.2.5 (a) Effect of primary air inlet temperature on variations of supply air outlet
temperature in 3600 s (b) Primary air outlet temperature variations with intermittent water

spraying modes in 6000 s
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3.2.2.2 Effect of primary air velocity
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Primary air outlet temperature variations with intermittent water spraying modes in 6000 s

The tendencies of supply air outlet temperature with various primary air velocities are
displayed in Fig. 3.2.6(a). It was seen that a higher primary air velocity resulted in a greater

outlet temperature. Initially, the temperature sharply decreased, and the lowest temperatures
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achieved by the PIEC system increased from 23.8°C to 25.1°C with airspeeds ranging from 2
m/s to 3.5 m/s. Following this initial decrease, there was a period with a slight temperature
improvement. However, without water replenishment to the secondary air porous layer, the
supply air temperature continued to increase and ultimately reached 25.9°C, 26.5°C, 27.2°C,

and 27.9°C at 3600 seconds for the different primary air velocities tested.

Based on the threshold rules of 0.5°C established in the study, the turning points that
triggered the restarting of water spraying were determined to be around 24.3°C, 24.6°C, 25.2°C,
and 25.6°C for the increasing primary air velocities in the four scenarios tested. As a result of
the repeated water spraying, the temperature fluctuation profiles and non-spraying durations
were calculated. As presented in Fig. 3.2.6(b), the higher primary air velocities resulted in
shorter total cycle spans and reduced intervals for the water system. The longest non-spraying
period was observed to be 1461 seconds when the primary air velocity was 2 m/s, corresponding
to a 92.4% reduction in working time. However, this duration was reduced to 1318 seconds for

a primary air velocity of 3.5 m/s.

3.2.2.3 Effect of secondary air velocity

Fig. 3.2.7(a) illustrates the effect of secondary air velocity on the supply air temperature.
The temperature decreased rapidly in all four cases once the secondary air fan was turned on.
The rate of decrease gradually slowed down as the temperature approached the lowest value,
which varied from 24.7°C to 24°C with increasing velocities from 2 m/s to 3.5 m/s. After 3600
seconds of testing, the final temperatures end up at 26.4°C, 26.6°C, 26.5°C, and 26.8°C for the
different secondary air velocities tested. Based on the minimum temperature obtained in Fig.
3.2.7(a), the thresholds that recover the water system operation were decided from 25.2°C to
24.5°C in these four cases. Based on these temperature thresholds, the on/off status of the water

pump was switched, and the temperature profiles were investigated over a period of 6000
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seconds, as shown in Fig. 3.2.7(b). The results demonstrated that higher secondary air velocities
resulted in shorter cycle spans, leading to a reduced non-spraying period. The non-spraying
period was reduced from 1646 seconds to 1362 seconds when the velocity was increased from
2 m/s to 3.5 m/s, corresponding to a 93.2% and 91.9% reduction in pump operation time,

respectively.
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Fig. 3.2.7 (a) Effect of secondary air velocity on variations of primary air outlet temperature

(b) Primary air outlet temperature variations with intermittent water spraying modes in 6000 s
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Fig. 3.2.8 Pressure drop comparison between spraying and non-spraying conditions

In addition, the average pressure drops under the non-spraying period were measured
during the test span, which were compared with that in spraying mode under steady state. As
seen from Fig. 3.2.8, the pressure drops under the spraying condition were all greater than
those under the non-spraying condition, indicating that water spraying caused an additional
pressure drop in the secondary air channel. Moreover, the pressure drop differences between

the two modes increased from 3 Pa to 13.7 Pa with higher secondary air velocities.

3.3 Summary

This chapter presents an experimental investigation of the cooling potential of a plate-type
indirect evaporative cooler with sintered thin porous layer (PIEC) on the secondary air channel
surfaces. A PIEC prototype was proposed, designed, and manufactured for a series of group
tests that were conducted on the established lab test rig with controllable air properties and
water supply systems. The cool exhaust air from the indoor environment was utilized as the
secondary air to strengthen the evaporative cooling effect. The purpose of the experiments is
not only to investigate the water retention ability of the porous structure of the PIEC and explore

the feasibility of using different spraying modes for the PIEC, but also to investigate the PIEC
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cooling performance under different spraying conditions and to collect the real data for the
validation of the PIEC simulation model. The impacts of primary air inlet temperature, primary
air velocity, and secondary air velocity on the performance of the PIEC system were examined
in both steady and dynamic states. The main findings from this chapter are summarized as

follows.

(1) The higher primary air inlet temperature and secondary air velocity, as well as lower
primary air velocity, contributed to the greater wet-bulb efficiency, which was up to
0.642 for this PIEC prototype. In the tested steady state, the maximum cooling capacity

and COP of this PIEC system were evaluated as 339.1 W and 7.2.

(2) The contact angle of water on porous surfaces is substantially smaller than that on
stainless-steel surfaces, which indicates a higher degree of hydrophilicity in porous

media surfaces.

(3) The porous structure on the PIEC hybrid heat transfer plate provided a water storage
place, and the sintered porous layer on the wet channel surface showed reliable water
retention ability so as to demonstrate the feasibility of the intermittent spraying strategy.
Meanwhile, the pressure drop caused by secondary air channels under the non-spraying

conditions was identified to be lower than that under the continuous spraying mode.

(4) A threshold temperature rise of 0.5°C above the lowest temperature was obtained from
dynamic tests as the signal to restart the water pump. The cycle durations and intervals
for non-spraying time were determined, with the longest interval being 2105 seconds,
corresponding to a 94.6% reduction in pump operation time. By adopting the newly
achieved intermittent spraying rather than the conventional consistent spraying, the
COPs of the PIEC system were improved by 117.5% on average, with the most

significant COP measured as 17.3.
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Chapter 4 Modeling the PIEC with dual spraying modes

In this chapter, a three-dimensional (3-D) model was established for the proposed indirect
evaporative cooler with porous material on the secondary air channel surface (PIEC) to predict
the cooling performance under consistent and periodic spraying conditions. The model was
validated by the experimental data collected from Chapter 3. The temperature and humidity
distributions over time were presented based on this 3-D model, and the effects of essential

parameters on the cooling performance were identified.

This chapter is written based on a published paper of this thesis author. The paper is titled
“Dynamic performance evaluation of porous indirect evaporative cooling system with

intermittent spraying strategies” in Applied Energy.
4.1 Model establishment

In this section, the plate-type cross-flow PIEC model was established to predict the cooling
performance. As depicted in Fig. 4.1.1, the physical model consists of half of a primary air
channel and half of a secondary air channel. The primary air flows in the horizontal direction
from the left to the right side in one channel, and the secondary air passes the channel in the
vertical direction from the bottom to the top side in the adjacent channel. Before the model
establishment, some commonly-used assumptions related to the heat and mass transfer processes

and porous medium of IEC are listed as follows [123-125].

o The water and air are considered to be steady and incompressible in two channels, and
the air velocity field is assumed to be time-independence.

o Air and water vapor both follow the ideal gas law.

« The flow status in both the free zone and the porous zone is regarded as the laminar flow.

o There is no heat and mass transfer between the PIEC and its surrounding environment.
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o The liquid water that leaves from the porous material is only in the form of vapor.

o The medium is continuous and homogeneous, and pores are evenly distributed in similar
geometric sizes with no closed air cavity.

« No chemical reactions happen among the solid phase, liquid phase, and gas phase in the
porous media.

o The total volume of the solid, liquid, and gas phases is constant. The water-absorbing,
evaporation, and temperature fluctuation will not cause the shrink or expansion of the
solid matrix.

o The convective heat transfer within the porous media and the effects of gravitation are

both ignored.
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Fig. 4.1.1 (a) structure and (b) Left side view of the cross-flow PIEC with two adjacent half

channels

4.1.1 Free zone

The physical model of IEC contains two free zones and a porous zone. Free zones are full
of moist air, while the porous zone includes the moist air (gas phase) and the liquid water (liquid

phase), and the porous skeleton (solid phase).
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Regarding the free zone that includes primary air and secondary air, the continuity equation

IS written by

0ui a'l]i an'
—t4 -t = 9
dx + dy * 0z 0 ( )
where u, v and w are velocities in the X, y, z directions, m/s.
The momentum conservation equations can be expressed from to
aui laPl u azui azui azui aui avi an)
— = —(uj=—+vi—+w,— ) =0 10
ot pox +p<6x2 ay? M (ul ox dy ViTaz (10)
a'l?i 16PL U azvi azvi azvi ( aui avi aWL>
— -t —(u=—+vi—+w;—) =0 11
3t pdy p<ax2 9y " azz) Mgy TG, Wiy, (11)
aWi 16Pl u aZWi aZWi azwi aui aUl' an)
———t= —(uj=—+vi—+w,—) =0 12
ot p 0z p<ax2 dy? o2 (ul ax Vi dy YiTaz (12)
i=p,s
where p is fluid density, kg/m?;
P is fluid pressure, Pa;
w 1s fluid viscosity, Pa s;
7 is the time variable, s.
The energy equation is formulated by , and the species diffusion equation in the
secondary air channel is written in
c ((?Tl n aTl n aTl n aTl) _ 62Ti n 62Ti n 62Tl- (13)
Patrg\ gy THigy TV dy Witaz) = "o\ ax2 oy% = 0z2

i=p,s

where kg is the thermal conductivity of the gas, W/(m K);

67



T is temperature, K;

Chpg Is the specific heat capacity of the gas at constant pressure, J/(kg K).

oc, 3G OC  0C _ (0°C; 0%C 0%
ot “ax T Usgy T WsTgy T Pval\ Gz T gy T gz2

where Dy, is diffusion coefficient of the substance, m<;

Cs is the concentration of the substance, mol/m3

Cypg Is the specific heat capacity of the gas at constant pressure, J/(kg K).

The relationship between saturation pressure and temperature is given by

[12].

e
In(Pgy,) = _Tlf + ey + e3Tsp + e, To + esTor + egnTys
S

_ 0.622Py
sat — B _ Psat

(14)

and

(15)

(16)

where e;= -5800.2206, e,= 1.3914993, es= -0.04860239, es= -4.1764769105%<10°, es= -

1.4452093%10°8, es= 6.5459673;
Psat is pressure of the saturated state, Pa;

B= 101325 Pa.

In Chapter 3, the experiments have demonstrated that the PIEC can provide cooling under

different spraying modes, and the equations used for simulation correspondingly vary as well.

In the case of consistent spraying, water is sufficient to ensure full evaporation, and the PIEC

can be regarded as a typical IEC. Therefore, the time term in the above formula should be

removed. While under the conditions of periodic spraying, evaporation mainly relies on the

water retained during the spraying stage, making it a dynamic process that requires
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consideration of the limited water storage's effect on cooling performance. Therefore, it is
necessary to develop a model of the porous area. In addition, the time term should be retained.

The specific modeling of the porous area is described as follows:

4.1.2 Porous zone

The total volume of the porous zone consists of solid, liquid, and gas (Eq. (17)). The solid
phase refers to the solid material that makes up the porous medium, which provides the structure
and framework for the porous medium. The liquid phase refers to the fluid that fills the pores or
voids in the porous medium, such as water in this thesis. The gas phase refers to the gas that fills
the remaining space in the pores or voids. Porosity is a measure of the void space or empty spaces
within a material, usually expressed as a percentage of the total volume of the material. In other
words, it represents the amount of empty space in a material that can be occupied by a fluid or

gas, which can be defined by Eq. (18).

AVs + AV, + AV, = AV (17)
_ AV, + AV,
E=—Qy (18)

where AV, AV), AVq are solid phase, liquid phase, and gas phase volume, m?;
AV is total volume, m?3;
€ 1S porosity.
For the rigid skeleton such as the nickel used in the PIEC prototype, namely the solid phase,
it is minimally influenced by the other two phases and other factors. While in the porous region,

which is filled with liquid and gas, it is necessary to describe their states in the limited space.

The water and gas saturation are two important properties that describe the distribution and
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amount of fluids within the porous material. Water saturation is the fraction of the pore space
volume that is occupied by water, expressed as a percentage of the total pore space volume. In
other words, it represents the amount of pore space in a material that is filled with water. Gas
saturation, on the other hand, is the fraction of the pore space volume that is occupied by gas,

expressed as a percentage of the total pore space volume. It represents the amount of pore space

in a material that is filled with gas. The two saturations can be expressed by and
, which also follow the relationship of [125, 126].
Su= AVlAJerAVg - eAAVIl/ (19)
% = AVIAP AV, SAAVIJ; (20)
Sy+S =1 (21)

The mass concentrations of each component, namely, the liquid phase and the gas phase,

are written from to [123].
= piES; (22)
Cqa = PaSy (23)
Cy = PpESy (24)

where ci, Ca, Cyare the mass concentration of liquid, gas phase of dry air, and gas phase of water
vapor, kg/m?;
1, pa, pvare the liquid, air, and water vapor density, kg/m?;

Si, Sg are liquid and gas saturation.
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The densities of air and water vapor follow the relationship as and , and

the moist air density and pressure can accordingly be formulated by and
_ RM,
_BM,
Pg = Pa t+ Py (27)
P, =P, +P, (28)

where Ma and My are the molar mass of the air and water vapor, kg/mol;
R is the gas constant, J/(mol K)

T is temperature, K.

Effective thermal conductivity refers to the overall thermal conductivity of a composite
material, which takes into account the individual thermal conductivities of each component and
their relative proportions or distribution [127]. In this thesis, the porous zone contains three

phases (solid matrix, liquid, and gas). Therefore, the effective thermal conductivity and specific

heat capacity need to be rewritten and expressed as and
kep = ks(1—€) + ki Sie + kySye (29)
(PCp)er = PsCps(1 — &) + pyCpiSi€ + pyCpgSye (30)

where ks, ki, kg, are thermal conductivity of the solid phase, liquid phase, and gas phase, W/m K;
Cps, Cpi, Cpg are specific heat capacity of solid phase, liquid phase, and gas phase,

Ji(kg K);
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€ IS porosity.

In the porous region, the permeability is an essential factor that describes how easily a fluid
flows through a porous material [128]. Liquid and gas both have their own permeabilities. The
liquid phase permeability depends on the absolute permeability and relative permeability (

). A similar formation is adaptable for gas permeability ( ). The absolute permeability
can be obtained by the Carman-Kozeny equation shown as , Which depends on the

porosity and pore diameter [129]. The relative permeabilities of the gas phase and liquid phase

are formulated by [130, 131].
K| = KKy (31)
Ky = KKrg (32)
djor &3
“T180 U -e)2 (33)

where x, i and xg are absolute permeability, liquid phase permeability, and gas phase
permeability, m?;
kr and xrg are relative permeabilities of liquid phase and gas phase.

dpor s the characteristic length of the pore space, measured in meters (m)

1
1-11S, (S <—

_ - (34)

1
0o, S>=

S, —Si\°

_J)Krn = ( l lr) , (Sl > Sir)

Krg = 1-S5;, (35)
0 , (St < Sir)
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where S is irreducible liquid phase saturation.

As mentioned in assumptions in section 4.1, the liquid water leaves the porous media only
in the form of vapor, taking away the latent heat simultaneously. In other words, the increased
amount of water content in the secondary air equals the reduced liquid water content from the
porous region. Furthermore, the porous structure could lead to capillary action, which is usually
regarded as an extra diffusion item in the mass transfer process [123]. Considering the above
physical behaviors, the mass transfer equations for water are written as to . The
water diffusion caused by capillary action is determined by the temperature and water vapor

content, as expressed in

ot +Vn =-me, (36)

Ki
n; = (—=p; ITI V E)pw = Deap V €1 (37)
Degp = 1 X 107688+8Muwp (38)

where the moisture content of wet basis has the relationship as m,,, =

Mgp _ _&Sim
1+Mgp and Mg, = a-8ps'

according to the research by Kumar [132].

The mass transfer in the gas phase that includes the air and water vapor can be expressed
from to . It should be emphasized that the gas saturation and porosity influence
the diffusivity of the moist air in the porous region, and the effective diffusivity needs to be
modified using [123].

dc
a—r” +V n, =m, (39)
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]
e 4V, =0 (40)

Jat

Kg Cs* P,
n,=(—p,—V Pg) - _ManDef Vs (41)

Ug Py Pg

Kg CS2 P,
ng = (—pg—V P)) ———MyM,Dos V | = (42)

Kg Pa By

4

Des = Dya(Sge)? (43)

where ny, na, Ny are mass flux of liquid water, air, and water vapor, kg/m?;
Pg, Pa, Pyvare pressure of gas phase, air, and water vapor, Pa;
I, pa, pvare the liquid, air, and water vapor density, kg/m?;
Ma, My are molar weight of air and water vapor, kg/mol;
Cs is molar concentration of secondary air, mol/m?;
Dua is diffusion coefficient of the substance, m4;
Sy Is saturation of gas phase;

€ IS porosity.

When the air passes the secondary air channel and the water spraying is suspended, the
process can be regarded as the convective drying for the porous media during the non-spraying

period. The stored water evaporates from the porous zone in the form of water vapor, and the

water evaporation can be calculated as shown in [133]. The water activity is obtained
from
M,
Mgy = Koy ﬁ (awPsqr — Ps)Sgg (44’)

In (a,,) = —0.0267exp (S;16%¢) + 0.0107exp (—1.2875,)S°13 In(Psqy) (45)
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where ny, na, Ny are mass flux of liquid water, air, and water vapor, kg/m?;
Pg, Pa, Pyvare pressure of gas phase, air, and water vapor, Pa;
Kev is evaporation rate constant;
Ma, My are molar weight of air and water vapor, kg/mol,
aw is water activity;
Si, Sq are saturation of liquid phase and gas phase;

€ IS porosity.

Besides, the energy equations for energy balance of the channel and the porous media can

be worked out as shown in and
d ((pcp) T)
——2 4V ((pep) uT) =V ke (V1) (46)
a((pcy) T
% +V (0 CyT 4+ nyCpyT) =V kop (V T) — meyhsy (47)

where ni, na, ny are mass flux of liquid water, air, and water vapor, kg/m?;
ket is effective thermal conductivity, W/m K;
htg is latent heat of evaporation, J/kg;

Mey is evaporation rate, kg/(m? s);

4.1.3 Boundary conditions

Referring to geometric sizes and surface positions, the boundary conditions of this PIEC

model can be listed in Table 4.1.1.

Table 4.1.1 Summary of boundary conditions of the PIEC model

Range Condition
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0<z<H Ty =Tyin; G = Crins U = Ugin

Pl,out = Pl,amb

da, _ —_ - %% _ Q. _
0<x<L,y—E,OSZSH 6y_0'6y .ay—O,V1—W1—
0<rt
< 3600 a
SxsLi—-5-8<sy=s<-6z= Ty =Ty €2 = Coiny W2 = Wy
0<x<L-5-8§<y<-§z=H P2out = Poamp
A S 0T, _ . 0¢ _ . Oup _ _ _
0 <x<Lyy= > 6,0<z<H y ,ay—O, ay—O, Uy =v,=0
d d .
0 <x<IL; -3 SYSE;OSZSH T:Tp,in,
0<x<L;0§y£g;—gﬁyS—6; Cp = Cpjins Up = Upin;
T=0 0<z<H Cs=Cs,in;WS:WS,in
(Initial value)
0<x<L -85<y<0,0<z<H ~Mgy =0
0<x<L;-0—-=<y<-4;0<z<
Mg, =0

4.1.4 Numerical solutions

In this thesis, the proposed PIEC model was constructed and simulated using the
COMSOL Multiphysics software. The main procedures are illustrated as follows. In the first
place, the physical PIEC model was established. Subsequently, the heat transfer module,
laminar flow module, transport of diluted species module, and some self-defined equations were
incorporated according to the aforementioned description. The brief illustration of the three

modules is as follows [134]. The heat transfer module is used to describe the heat transfer
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process in the PIEC, including conductive and convective heat transfer. It provides a
comprehensive set of options for modeling heat transfer among different components and
materials. The module also involves features to simulate the internal heat sources, temperature-
dependent material properties, and phase change. The Laminar Flow Module can be used to
simulate the laminar flow of the fluid in the PIEC. The Transport of Diluted Species Module
can be employed to model the transport of diluted species in the PIEC, especially in the
secondary air channel and the moist porous material in this study. This module accounts for
diffusion, convection, and phase change, and provides a set of tools for modeling mass transport,
including the diffusion equation, advection-diffusion equation, and Nernst-Planck equation.
The module also contains features for simulating chemical reactions, electrochemistry, and
transport in porous media. The air velocities in the two channels are time-independent, which
solely depend on the inlet setting conditions and are treated as steady status in the calculation
process. Thirdly, the boundary conditions and initial values have been summarized in section
2.3 and adapted to the model. Fourthly, the Multifrontal Massively Parallel sparse direct Solver
(MUMPS), a powerful built-in solver written in Fortran 90 language for solving large sparse
linear systems using direct methods, was employed to calculate the aimed distributions for
elements at each time. MUMPS uses a multifrontal method to factorize the matrix and solve
the system of equations. This method works by partitioning the matrix into smaller submatrices
and performing a factorization on each submatrix [135]. The resulting factorization is then
combined to produce the final solution. The calculation results would be illustrated and

discussed in section 4.2.

4.1.5 Grid independence monitoring

Grid independence monitoring is a crucial process used in simulations to ensure that the

calculation results are not significantly influenced by the size or resolution of the computational
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grid used in the simulation. It involves running the simulation with different grid sizes or
resolutions and comparing the results to determine whether they converge to a consistent
solution as the grid is refined [136]. By doing so, the author can identify a reasonable grid unit
number that can guarantee the accuracy of the outlet parameters while minimizing the
computational load simultaneously. In this study, the dynamic temperature variations in 3600 s
were examined by increasing the number of grid units from 1932 to 34570 based on the input
parameters presented in Table 4.1.2. As shown in Fig. 4.1.2, the unit number was determined
to be 16500 since the maximum difference of primary air outlet temperature was less than 0.3%
throughout the simulation period. This indicates that the simulation results were not
significantly affected by the grid size or resolution, and thus, the chosen grid unit number was

appropriate for both ensuring the accuracy of the outlet parameters and reducing the calculation

resource.

30

29

!
=
1
~
=
N
o

—— N = 16500
N = 34570

28

27

26

25 -

Primary air outlet temperature (°C)

24 |

23 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 500 1000 1500 2000 2500 3000 3500

Time (s)

Fig. 4.1.2 Results of the grid independence monitoring

Table 4.1.2 The pre-set values for simulations

Parameter Value Parameter Value
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H (mm) 300 L (mm) 400

d (mm) 5 tp,in (°C) 32
dpor (Um) 120 RHp,in 40%
e® 0.9 tsin (°C) @ 22.9
htg (J/kQ) 2.5x10° RHs,in® 69%
Dva (M?/s) 2.6x10° Vp (M/s) 2.5
Sir @ 0.1 Vs (M/s) 3
Total time (S) 3600 Time interval (s) 1

Notes:
(1) The properties of the porous media used in the PIEC prototype were provided by a

specialized manufacturer of porous materials.

(2) Sir is the irreducible liquid phase saturation, representing the water trapped in the porous
media that is unable to be evaporated. The typical value of S is approximately 0.1, as

commonly reported in the published literature [126].

(3) The cool indoor exhaust air is introduced to the secondary air channel so that the primary
outlet air temperature can be furtherly reduced instead of using the hot outdoor fresh air

[54].

4.1.6 Model validation

The dynamic simulation model was substantiated through experimental validation, which
was conducted using a PIEC prototype on a well-established test rig in the laboratory. A concise
overview of the essential content is provided herein, with the detailed methodology thoroughly
elaborated in Chapter 3. As given in Fig. 4.1.3(a), a plate-type cross-flow PIEC prototype was
meticulously designed and fabricated for this purpose. The porous nickel layer was sintered on

a thin stainless-steel slice together to form a hybrid heat transfer plate. This manufacturing
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process was executed within a sintering furnace. The raw materials, comprising nickel foam
and the stainless-steel plate, were subjected to a sintering temperature of 1250°C for a duration
of 2 hours, in a highly controlled environment featuring high-purity hydrogen (with a purity
equal to or greater than 99.999%). The resultant sintered layer is capable of absorbing and
retaining liquid water for evaporation, even under non-spraying conditions, and the stainless-
steel plate is to avoid the water in the porous structure to contact the primary air channel
environment. A small piece of plate surface with the porous nickel structure was captured under
the scanning electron microscope (SEM) (Fig. 4.1.3(b)). These small pores are inter-connected

so that the liquid water can penetrate, and no closed air chamber is observed.

The selection of nickel for making the porous layer of the hybrid plate is attributed to two
primary factors. Firstly, nickel demonstrates superior anti-corrosion properties, particularly
when compared to other metals, such as aluminum foil commonly utilized in IECs. Secondly,
the sintered porous nickel exhibits commendable durability, which can ensure the porous

structure remains intact and preserve its water-absorbing capabilities even after repeated water

retention testing.

Sintered thin porous layer
(Material: nickel)

Smooth base plate
(Material: stainless-steel)

(a) (b)

Fig. 4.1.3 (a) Overview of the PIEC prototype (b) Structure of the sintered porous plate and

the real photo of the porous surface under SEM
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Fig. 4.1.4 Comparison between simulation results and experimental data

During the experiments, water is sprayed consistently under the steady mode. While the

secondary air channels were moisturized sufficiently in advance under the dynamic conditions.

Subsequently, the water system was deactivated, while the operation of the fans persisted.

Dynamic temperature variations under non-spraying conditions were logged every second,

which were recorded in a data logger for a total testing duration of 3600 seconds. Essential
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parameters for both simulations and experiments are concisely outlined in Table 4.1.2. As
shown in Fig. 4.1.4, the simulation results and the data measured from the experiments were
compared and examined in good agreement. Under the steady state, the root mean square errors
(RMSEs) are 0.21°C, 0.38°C, and 0.34 g/kg for primary air outlet temperature, secondary air
outlet temperature, and secondary air outlet humidity, respectively. Under the dynamic state,
the RMSEs are 0.41°C, 0.55°C, and 0.39 g/kg, which are deemed acceptable for subsequent

parametric analyses.

4.2 Results and discussions

Based on the proposed cross-flow PIEC model, the influences of essential parameters on
the cooling performance are evaluated and illustrated in this section. The basic information is
given in Table 4.1.2. The ranges of the temperature and velocity are within the normal range,

as illustrated in published papers [12, 137].

Table 4.2.1 Summary of the ranges of aimed parameters

Parameter Value Parameter Value
tp.in (°C) [26, 2, 32] d (mm) [4,1,8]
Vo (Ms) [2,0.5,3.5] [0.8, 0.05, 0.90]
Vs (M/s) [2,0.5,3.5] ’ [0.90, 0.01, 0.95]
Notes:

(1) The temperature in K has been transferred in °C.
(2) tsin= 230C, RHp,in: 30%, RHs,in: 70%.
(3) Total simulation duration: 3600 s.

(4) [a, b, c]: starts from a and ends at b with ¢ interval.

The studied porous-related parameter ranges are based on the actual manufacturing

82



condition of the material. In order to make the porous zone have more space to store liquid
water, the raw material of the porous layer is required with high porosity, which is usually more
than 0.8 based on the existing manufacture craft with different pore diameters [138-140]. Thus,
the ranges of input values for variables can be determined as listed in Table 4.2.1. Again, to
enhance the air-cooling performance of the PIEC, the return air from the cool indoor area is

taken as the secondary air [27, 104], as done in the experimental study.

4.2.1 Temperature and moisture content distributions

Before assessing the influences of such parameters, the temperature and humidity
distributions on selected surfaces of two channels are presented in Fig. 4.2.1 and Fig. 4.2.2. The
selected surface is parallel to the airflow direction, which can show the variation of the aimed
parameters along the channel. Under the steady state, the temperature of the primary air
gradually decreases in the flow direction, with a lower temperature near the wall surface, while
the humidity remains constant. The temperature of the secondary air initially decreases and
subsequently increases in the flow direction, with the humidity continuously increasing. The
observed variations in the primary and secondary air within the channel are consistent with

previous research findings [12, 40].

Under the dynamic state condition, the air status is given when the PIEC system operates
at 1200 s, 2400 s, and 3600 s based on the input conditions in Table 4.1.2. The PIEC is assumed
to be wetted so that the minimum temperature can be obtained. In the secondary air channel,
the air enters from the bottom and exits at the top side. The flowing air promotes evaporation
and takes away the latent heat. It can be observed that the exhaust air temperature increases, but
the humidity becomes lower, indicating the lack of water for evaporation and lower latent heat
removal. Specifically, the outlet temperature and moisture content are 23.2°C and 0.0145 kg/kg

at 1200 s, while the values become 26.1°C and 0.0127 kg/kg on average at 3600 s.
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Fig. 4.2.1 Temperature and Temperature and humidity distributions on the selected section under steady state

(Note: The unit of humidity in the secondary air channel is transferred to kg/kg)
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In the primary air channel, the airstream enters through the left entrance and exits from the
right side, resulting in a temperature drop as the air flows through. The gradual decrease in
water content in the porous layer of the secondary air channel surface consequently leads to a
reduction in its cooling capacity, which ultimately results in a temperature rise in the primary
air channel. As seen from Fig. 4.2.2(a), the outlet temperature of the primary air channel rises
from 24.6°C at 1200 s to 26.5°C at 3600 s. The moisture content value remains constant at .0119
kg/kg throughout the simulation period because the PIEC primarily deals with sensible cooling,

and the mass gradient only occurs in its adjacent channel.

4.2.2 Parametric analysis

4.2.2.1 Effect of primary air temperature

Fig. 4.2.3(a) presents the temperature variation profile of the PIEC system when the inlet
air temperature ranges from 26°C to 32°C during the 3600 s simulation period. The maximum
and final wet-bulb efficiencies are also calculated and shown in Fig. 4.2.3(b). During the
simulation duration, the PIEC is fully wetted to reach the lowest temperature that can be
obtained, but no respraying is provided. It can be seen that the outlet temperature of the system
goes through three distinct stages/phases. In the first stage/phase 1, the outlet temperature
rapidly decreases while the slope becomes slower as it approaches the lowest temperature that
the PIEC can achieve. Once the lowest temperature is reached, stage 1/phase 1 ends, and stage
2/phase 2 starts. In stage 2, the temperature curve remains flat and stable for a while before
slightly increasing when the water content is unable to maintain the current dynamic
equilibrium. Following this, the temperature grows more rapidly towards the end, which is
considered as stage 3/phase 3. Additionally, the growing temperature leads to the growing slope

of curves in stage 2 and stage 3.
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Fig. 4.2.3 (a) Variations of primary air outlet temperatures in 3600 s (b) Maximum and final
wet-bulb efficiencies of primary air (The colorful shading in Fig. 4.2.3(a) indicates the stage

boundaries when ¢, ;,= 32°C.)

Under the steady state, the primary air outlet temperature remains at the lowest temperature,
which is the temperature at the end of the first stage in the cases without respraying, and the

wet-bulb efficiency stays the same in every case. As shown in Fig. 4.2.3, the wet-bulb efficiency
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of PIEC increases from 0.52 to 0.57 as the temperature rises from 26°C to 32°C. Under the
dynamic state, the temperature variation process of the 32°C scenario is presented as an example
to illustrate this trend. As shown by the dark green line, the primary air temperature experiences
a significant drop within the first 500 s and stops decreasing until it reaches 24.5°C at 885 s (in
the orange shading), corresponding to a wet-bulb efficiency of 0.57, indicating the start of stage
2. Stage 2 lasts from 885 s to 1875 s, during which the temperature grows by 0.5°C (in the light
green shading), while the remaining section in purple represents stage 3. The supply air
ultimately reaches 26.6°C, and the wet-bulb efficiency drops from 0.57 to 0.42. The distinct
stages/phases observed in the temperature profile highlight the importance of respraying water
in the porous layer of the secondary air channel surface to ensure the optimal performance of
PIEC. Therefore, the temperature threshold should be set in the simulation to refill the water
content in the porous media to maintain the acceptable cooling performance as in chapter 3,

which is presented in section 4.2.3.

4.2.2.2 Effect of primary air velocity

The influence of primary air velocity on the dynamic temperature variation process of
supply air is depicted in Fig. 4.2.4(a). The whole process can also be divided into three stages.
During the first stage, the outlet temperature noticeably decreases but the slope generally
becomes flat when before reaching the lowest temperature. Once getting the lowest temperature,
stage 1 ends, and stage 2 begins. In the second, the temperature curve stays flat and stable for a
while, and then starts to increase when the water content is insufficient to maintain the current
cooling capacity. Afterward, the temperature grows with a steeper slope until the end, which is

the third stage.

Under the steady state, the primary air outlet temperature stays stable at the lowest

temperature, and the wet-bulb efficiency keeps constant in each case. In Fig. 4.2.4, it can be

89



noticed the growing primary air velocity leads to the reduction of wet bulb efficiency, which
significantly decreases from 0.63 to 0.48 as the velocity rises from 2 m/s to 3.5 m/s. Under the
dynamic state, the temperature variation process of the 3.5 m/s scenario is taken for description.
The outlet temperature initially decreases rapidly and then drops gradually to its minimum value
within the first 950 s, which marks the completion of stage 1 (in orange). At the same time,
phase 2 begins as the temperature remains stable and then gradually increases by 0.5°C until
1925 s (in light green). The remaining time until the end of the simulation can be identified as
stage 3 (in purple). It is noticed that the slower air velocity is beneficial to achieve a greater
wet-bulb efficiency, which is consistent with the trend under traditional spraying. As presented
in Fig. 4.2.4(b), the highest efficiency of 0.63 is observed in the 2 m/s scenario, while it rapidly
decreases to 0.48 when the air velocity is increased to 3.5 m/s. With the limited water content
absorbed by the porous media, the final temperatures in the four cases are recorded as 25.8°C,
26.5°C, 27.1°C, and 27.6°C, corresponding to a reduced efficiency of 0.47, 0.42, 0.37, and 0.34.
Although the higher primary air velocities can increase the convective heat transfer coefficient,
they also result in a larger volume of air being processed, which leads to higher outlet

temperatures.

Stage 1 Stage 2 Stage 3
32

v.=2m/s
=2.5m/s
=3m/s
=3.5m/s

p
_Vp
p
p

30 - v
—v

28 -

26 -

Primary air outlet temperature (°C)

24 |

0 500 1000 1500 2000 2500 3000 3500
Time (s)

(@) Primary air outlet temperatures

90



07
End
T [ IMax
06
> 05|
3 i
o
(<5
= _
£ 04}
5 ]
o
2 o3}
k)
=
02t
01t
0.0
2.0 25 3.0 35

Primary air velocity (m/s)

(b) Wet-bulb efficiency
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4.2.2.3 Effect of secondary air velocity

Fig. 4.2.5 exhibits the variation in outlet temperature within a 3600-second period for
different secondary air velocities. During the simulation duration, the PIEC is fully wetted to
reach the lowest temperature that can be obtained, but no respraying is provided. The entire
timeframe can be segmented into three distinct stages, with the process in each stage resembling
that described in the previous section. As illustrated by the case of vs= 3.5 m/s in Fig. 4.2.5(a),
the first stage involves a rapid decrease in air temperature from 32<C to 24.4<C, spanning from
0 seconds to 830 seconds and indicated by the orange shading. Due to the retention of liquid
water within the porous structure, a stable temperature period is achieved during phase 2,
denoted by the light green shading and occurring between 830 seconds and 1895 seconds.
Subsequently, the temperature continues to rise until the conclusion of the experiment, which

is indicated by stage 3, shown in purple.
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boundary of the example when vs=3.5 m/s.)

4.2.2.4 Effect of channel gap distance

The impact of the channel gap distance on the dynamic outlet supply air temperature

profile is illustrated in Fig. 4.2.6(a). The whole process can be categorized into three stages as
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well. When the channel height is 4 mm, the first stage (in orange) encompasses the entire
temperature drop period, which lasts from 0 s to 880 s. Once the lowest temperature of 23°C is
reached, the first stage ends, and the second stage begins, lasting until 1780 s (in light green).
This is followed by an increase in outlet air temperature until the end of the simulation, which
is recognized as the final stage (in purple). Additionally, it can be noticed that the curve slope
is steeper after the second stage when the channel height is narrow, indicating that the faster

temperature growth due to the lack of water.

Under the steady state, the wet-bulb efficiency keeps constant in each case. The observed
increase in wet-bulb efficiency suggests that the PIEC performance can be enhanced by
reducing channel height. As seen in Fig. 4.2.6(b), the highest efficiencies are achieved at the
beginning of the second stage, with values of 0.69 and 0.37 observed for the cases with channel
heights of 4 mm and 8 mm. However, under the dynamic state, the temperature changes due to
the limited water in the porous zone, final efficiencies of the PIEC drop to 0.51 and 0.28,
respectively. Overall, a narrower channel contains less air volume, and the narrower channel
results in a higher Reynolds number compared to the high channel with the same channel air

velocity, which leads to a larger Nusselt number and therefore better heat transfer performance.
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4.2.2.5 Effect of porosity

Fig. 4.2.7(a) exhibits the dynamic primary air outlet temperature variation of the PIEC for
different porosity values over the 3600 s simulation period. As the porosity value is 0.95, the
temperature starts to decrease from 32°C within the first 1370 s, marking as the first stage (in
the orange area). Once the air reaches the minimum temperature of 24.3°C in this scenario, the
second stage begins and lasts until 2220 s (in the light green area), followed by the rest of 1360

s in purple, classified as the third stage.

Under the steady state, due to the fact that water can sustain sufficient evaporation, the
porous medium affects only the heat conduction process under steady-state conditions.
Furthermore, owing to the small thickness of the composite heat exchange plate, the impact of
heat conduction is negligible. Consequently, the variation in porosity can be disregarded for

wet bulb efficiency. Under the dynamic state, it can be realized that the higher porosity leads to
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better wet-bulb efficiency. However, as the porosity value exceeds 0.9, the effect on the
efficiency becomes less pronounced. Fig. 4.2.7(b) illustrates the trend of wet-bulb efficiency,
with the maximum values increasing noticeably from 0.49 to 0.58 at the end of the first stage
when the porosity is increased from 0.8 to 0.9. However, when the porosity continues increasing
to 0.95, the improvement in efficiency is only slight, with the maximum efficiency increasing
from 0.58 to 0.59. The reduction in temperature becomes less significant at around 24.3<C,
which represents the lowest achievable temperature under the given operating condition. It
should also be noted that the higher porosity case takes longer to reach the lowest temperature
than the lower porosity case when the inlet temperature decreases. This can be attributed to the
fact that the initial condition assumes a single air inlet temperature for the entire PIEC, and the
higher water content in the high porosity case possesses more thermal energy that requires a
longer time to cool down. In summary, a higher porosity can enhance the evaporation rate, as
evidenced by , leading to a gradual reduction of outlet temperature and an increase of
wet-bulb efficiency as porosity increases. Therefore, the high porosity is recommended in the

PIEC because of the larger water storage volume and enhanced evaporation process.
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4.2.3 Temperature variations in several cycles

As validated from the experimental studies in Chapter 3, the porous layer on the secondary
channel that can store liquid water, allowing this novel air conditioning device to continue
cooling the air for a period of time even when the spraying water system is not operating. From
the previous sections, it has been known that the primary air outlet temperature of the wetted
PIEC increases slowly after reaching the lowest temperature when the water system is out of
operation. This feature enables the intermittent spraying plan to replace the traditional
consistent spraying scheme that is always required in the normal IEC, improving the overall
COP and reducing the water consumption of the system. A temperature fluctuation of 0.5°C is
chosen as the threshold to work out the duration of the cycle and non-spraying interval in
different cases. In other words, if the temperature variation exceeds 0.5°C, the water spraying
should be conducted again to replenish the water in the secondary channel porous layer for 120

s. Again, there are mainly two reasons for using 0.5°C as the temperature rise threshold. Firstly,
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the threshold of 0.5°C is selected as an acceptable temperature fluctuation range for an AC
system. Secondly, it can avoid frequent switching of the water system between the on/off status.
The spraying time of 120 s is determined from repeated lab tests, which is sufficient to

remoisturize the porous zone in secondary air channels of the PIEC.

Table 4.2.2 Specifications and studied parameters of PIEC

Variables  tp,in (°C) Vp (M/S) Vs (m/s) tsin (°C)  RHp,in (%) RHs;in (%)
toin (°C)  [26, 2, 32] 2.5 3

vp (M/s) 32 [2,0.5, 3.5] 3 23 30 70

Vs (m/s) 32 2.5 [2,0.5, 3.5]

PIEC specifications: H=300 mm; L=400 mm; d=5 mm; £=0.9; dpor =120 um

Using the rule of 0.5°C temperature rise, the operation strategy for the intermittent
spraying plan can be determined for each case. Table 4.2.2 lists the studied air property ranges
and specifications of the PIEC. The dynamic variations of primary air outlet temperature with
different primary air inlet temperatures and channel velocities in periodic spraying modes in
6000-second simulation duration are depicted in Fig. 4.2.8(a)-(c). It is observed that higher inlet
air temperatures and larger channel air velocities lead to more cycles and shorter intervals for
non-spraying spans. The reasons are disclosed as follows. A higher primary air inlet
temperature can result in elevated water temperatures within the porous medium, thereby
enlarging the difference between secondary air and saturated air at the surface of the moist
porous medium. The faster primary air velocity can not only intensify convection but also
improve the average temperature within the channel as compared to low air velocities cases.
This also leads to an expanded gradient between secondary air and saturated air at the surface
of the moist porous medium. While enhancing the secondary air velocity directly can accelerate
the convective heat and mass transfer, which thereby expedites the evaporation process.
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Specifically, the non-spraying duration substantially decreases from 2410 s to 1490 s with
an increase in primary air inlet temperature from 26°C to 32°C. In terms of the intervals with
varied primary air velocity, it is identified as 1530 s given a 2 m/s airflow after the moisturizing
process. Nonetheless, the time needs to be significantly shortened to 1390 s if the velocity is
accelerated to 3.5 m/s. Regarding the durations with different secondary air velocities, a time
break of 1510 s can be employed for the spraying water system when the airspeed is 2 m/s,
while it needs to be reduced to 1270 s if given a 3.5 m/s airflow. Overall, the intermittent
spraying plan can significantly reduce the operation time of the spraying water system at the
cost of tiny temperature fluctuations, which offers an effective alternative to the traditional

consistent spraying scheme.

4.3 Summary

This chapter describes a novel cross-flow indirect evaporative cooler with porous media
on the secondary channel surface (PIEC) with different spraying modes. The primary objective
is to dynamically predict the cooling performance of the proposed PIEC. To achieve this, a
three-dimensional (3-D) PIEC model is established, and its validity is confirmed through
experimental results obtained from a prototype. Owing to the water storage capability of the
porous structure, the PIEC system can cool air and maintain a stable temperature drop during a
period even when the water system is paused, thus proving the feasibility of the intermittent
spraying strategy. Fresh outdoor air is introduced to the primary air channels while cold indoor
air is directed to the secondary air channels for enhanced cooling. The effects of essential
parameters on the performance of PIEC are analyzed, and comparisons between the
conventional and intermittent spraying modes are conducted. The main conclusions can be

drawn as follows:

1) The dynamic variation process can be categorized into three stages, and the maximum
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2)

3)

wet-bulb efficiency happens at the end of stage 1. The better wet-bulb efficiency results
from the higher primary inlet air temperature, greater secondary air velocity, and less
primary air velocity. Narrowing down channel height and using the material with larger

porosity are also conducive to improving the wet-bulb efficiency.

Considering the PIEC specifications, the periodic spraying strategies are determined
based on the duration of a cycle with fluctuations within 0.5°C. A 120-second spraying
period is conducted at the beginning of each cycle to replenish liquid water, while the
remaining time serves as an interval for the non-spraying period. Within the studied
ranges, higher primary inlet air temperature and faster velocities in the two channels

significantly reduce the interval.

The longest and shortest non-spraying intervals are found to be 2410 seconds and 1270
seconds, respectively. These values correspond to 95.2% and 91.4% reduction in water
pump working time compared to the conventional continuous water spraying mode.
With little temperature fluctuations, the intermittent spraying plan offers an efficient

and effective alternative to the traditional consistent spraying.
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Chapter 5 Regression models and optimization of the PIEC

The 3-D CFD model developed in the previous chapter offers reliable accuracy in
predicting the performance of the indirect evaporative cooler with porous material on the
secondary air channel surface (PIEC) system. However, the established model requires a high
level of computing configurations and consumes significant computational resources, making
it impractical for use in the real engineering applications. Therefore, it is necessary to develop
a more straightforward approach to forecasting the PIEC performance can facilitate the possible

and convenient usage in reality.

In this chapter, the regression models based on response surface methodology (RSM) are
proposed, using data obtained from the previous chapters to provide a simplified method for
forecasting system performance. The regression models were developed for this novel heat
exchanger under the consistent spraying and periodic spraying mode. The analysis of variance
(ANOVA) was carried out to investigate the impact of individual and interactive terms on the
response variables - primary air temperature drop, wet-bulb efficiency, and coefficient of
performance (COP) - under the two spraying conditions. Furthermore, the multi-objective
optimizations of the operating parameters of the PIEC system were conducted using the
desirability function approach. This approach considers multiple objectives simultaneously,
aiming to maximize the primary air temperature drop, wet-bulb efficiency, and COP of the
PIEC system under the two spraying conditions. The optimal design parameters for the system

were identified through this optimization approach.

This chapter is written based on an ongoing manuscript of this thesis author. The paper is
titled “Performance prediction and optimization of cross-flow indirect evaporative cooler by
regression model based on response surface methodology”, which has been submitted to
Energy.
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5.1 Response surface methodology

Response surface methodology (RSM) is a statistical technique used to model and analyze
the relationship among multiple variables and a response of interest, which is commonly used
in experimental design and optimization. In the RSM, a mathematical function or surface is
constructed to represent the relationship between the input factors and the response variable.
This surface is used to predict the response variable for any combination of input variables
within the range of the data used to construct the surface. Through the implementation of
systematically designed experiments and analysis of data, the RSM seeks to relate a response
to the levels of several input parameters that influence it. The data of response variables can be
obtained from the physical experiments and validated simulation models [141]. RSM uses
multiple quadratic terms to fit the functional relationship between factors and the response in

many events. The form can be expressed by

y=bo+ i Bafa + i i Bap fafy + i Baa fa + co (48)
a=1 a=1

a=1a<b

where: y is aimed response;
far f @re input parameters;
N is the number of parameters (5 in this thesis);
bo is intercept coefficient;
Pa, Pav, and faa are coefficients of the linear, interactive, and quadratic item;

Co IS experiment errors [64].

The main procedures of RSM for this research are summarized as follows:
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1) Planning the Experiment: Determine the factors that influence the response and define
their range. Select an experimental design suitable (e.g., Central Composite Design, Box-
Behnken Design, or Fractional Factorial Design) to explore the relationships between input

factors and output response with a limited number of experiments.

2) Conducting the Experiment: Perform the experiment as per the designed plan, where
each run is conducted with different combinations of input factors, and the results of the

responses are recorded.

3) Developing the Model: Fit the mathematical model to the experimental data using
multiple regression or other approaches. The model represents the relationship between factors

and responses in the form of a polynomial equation.

4) Model Evaluation: Examine the quality of the fitted model by analyzing the residuals,
testing assumptions (e.g., normality, homoscedasticity), and calculating goodness-of-fit

measures (e.g., R-squared, adjusted R-squared).

5) Optimization and Analysis: Use the model to identify the optimal factors' settings that
maximize or minimize the response, depending on the aimed objectives. The sensitivity
analysis can be conducted to understand the relative importance of each factor and their

interactions. The effect of single and interactive terms on the response can be analyzed as well.

5.2 Model development

In accordance with the procedures of RSM procedures, the input factors and output
responses should be determined. In this study, five factors, namely primary air inlet temperature
(tpin), Primary air velocity (v,), secondary air temperature (t,;,), secondary air relative

humidity (RH,;,), and secondary air velocity (vs) are the input factors. The output responses
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under both two spraying conditions are wet-bulb efficiency (»,,,), outlet temperature (¢, ,), and

COP.

After choosing the factors and responses, the Box-Behnken Design (BBD) is employed to
design the experiments, which is based on the 2-level factorial designs improved with center
and axial points for fitting quadratic models [64]. In this approach, a matrix is constructed with
a combination of low, high, and center points for each factor. The center points are included to
estimate the error and check the adequacy of the model. The BBD matrix is designed such that
each factor is varied at three levels: low, middle, and high. The low and high levels are chosen
based on the range of values that the factor can take, while the middle level is typically the
average of the low and high levels. The parameters in the three levels of this thesis are listed in

Table 5.2.1.

Table 5.2.1 The parameters, ranges, and corresponding levels in the BBD

Name Unit Type Low Medium High
primary air inlet temperature (¢, ;,,) °C Numeric 24 28 32
primary air velocity (v,) m/s  Numeric 1.5 2.5 35
secondary air temperature (ts;,) °C Numeric 24 25 26

secondary air relative humidity
% Numeric 0.4 0.5 0.6

(RHs,in)

secondary air velocity (v;) m/s  Numeric 0.5 1 1.5

The BBD matrix is constructed using a set of mathematical equations that determine the
allocation of experimental runs to each factor level. The number of runs required for the BBD

matrix is determined by the number of factors, and the resulting design is typically a balanced
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and orthogonal set of events. The complete BBD matrix can be found in Appendix 1. The
responses are calculated based on the validated simulation model in Chapter 4. Then, the
analysis of variance (ANOVA) is carried out for the model of the selected responses. ANOVA
Is a statistical method used to test the null hypothesis that there is no difference in means
between two or more groups, which calculates the variability within each group and the
variability between the groups to determine whether the differences observed are due to chance
or to actual differences in the population means. The significance is evaluated by comparing
the p-value with an upper bound of 0.05. The factor that has a p-value lower than 0.05 is
regarded as significance, while the items with p-values higher than 0.05 are considered

insignificant [35].

5.3 Results and discussion

5.3.1 Regression analysis

The 43 events in the BBD matrix are calculated based on the established 3-D PIEC model.
Then, the ANOVA is conducted for the three responses under consistent and periodic spraying
modes. The quality and significance of the response variables were evaluated using several
statistical metrics, including the p-value, coefficient of determination (R?), adjusted R?
predicted R?, and adequate precision. The p-value measures the significance of the regression
coefficients. A p-value less than 0.05 indicates that the coefficient is significant at a 95%
confidence level [142]. The R?, measures the proportion of the variance in the response variable
that is explained by the regression model. The R? value of 1 indicates a perfect fit of the model
to the data [143]. The adjusted R? is a modified format of R? that accounts for the number of
variables in the model. It penalizes the inclusion of additional variables that do not substantially
improve the fit of the model [144]. The predicted R? measures the proportion of variance in the
response variable that is predicted by the model. It is used to evaluate the model's ability to
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predict the response variable for new observations [144]. The adequate precision measures the

signal-to-noise ratio of the model. It compares the range of the predicted response values to the

average prediction error [145]. An adequate precision value greater than 4 indicates that the

model is suitable to predict the response variable.
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As shown in Table 5.3.1, all responses in the quadratic form are significant as their p-value
are tiny and lower than 0.05. The values of R? are greatly close to 1, which means that the
quality of fitting is satisfactory. The comparisons between the actual and predicted responses
are shown in Fig. 5.3.1, and the plotted points locate around the line segment with a slope of 1,
echoing the results of R2. Besides, the adequate precision and the difference between the
adjusted R? and predicted R? were assessed. The adequate precisions were all substantially
larger than 4, indicating that the model is reliable for predicting the response. The difference
between the adjusted R? and predicted R? for each response is much less than 0.2, which meets
the modeling requirements and indicates that the model is well-suited to predicting the

responses [146].

Table 5.3.1 Fit statistics results of the selected responses

Adj.R?-  Adequate

- 2 i R2 2
Response  Source  p-value R Adj.R Pred.R Pred.R2 precision

Atpcon  Quadratic <0.0001 0.9986 0.9980  0.9955 0.0025 171.63
nwb,con  Quadratic  <0.0001 0.9965 0.9937  0.9859 0.0078 78.88
COPcon  Quadratic <0.0001 0.9982 0.9968  0.9928 0.004 102.17
Atpint  Quadratic <0.0001 0.9980 0.9964  0.9919 0.0045 97.39
Nwpint  Quadratic <0.0001 0.9962 0.9932  0.9849 0.0083 77.43
COPint  Quadratic <0.0001 0.9962 0.9932  0.9846 0.0086 69.56

The results of the five output responses are reported from the perspectives of the regression
model, perturbation plot, and the response surface. The regression model is obtained after

conducting the ANOVA, and the effect of a single input factor on the tendency and sensitivity
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can be summarized from the perturbation plot. Then, the response surface is presented to reveal
the influence of the interactive factors that can be artificially influenced, namely primary air
velocity, secondary air velocity, and secondary air inlet temperature for this thesis. Thus, there
are three pairs of interactive terms for the three factors (vp-Vs, Vp-tsin, Vs-tsin). Akaike’s
Information Criterion (AIC), which can seek for the model that can interpret data but the least
number of free parameters, is employed for model correction. Therefore, the unqualified pairs
need to be removed. This chapter only discusses the interactive factor pairs that meet the
criterion. Besides, if the p-value of a term is greater than 0.05, this term is excluded as well.
Because the PIEC can operate under consistent and periodic spraying conditions, the regression
models of primary air temperature drop, wet-bulb efficiency, and COP are obtained for the two

spraying modes, while the regression model only exists in the periodic spraying mode.

5.3.2 Response of primary air temperature drop

The results of ANOVA for the response of primary air temperature drop under two
spraying modes are presented in Table 5.3.2 and Table 5.3.3, which contains the five input
factors, their interactive and square terms. Under the consistent spraying mode, as listed in
Table 5.3.2, the total sum of squares is 124.93, with 124.75 of it explained by the model. The
lack of fit part has a contribution of 0.1797, with 27 degrees of freedom, while the pure error
part has a contribution of 0.0000, with 5 degrees of freedom. The lack of fit part and pure error
part have small contributions to the total sum of squares, indicating a good fit of the model to
the data. Regarding the source, all the linear terms, five out of ten interactive terms, and three
out of five square terms pass the AIC. However, the tp? still needs to be removed from the
regression model because its p-value is greater than 0.05. Therefore, the regression model of
the primary air temperature drop can be written as when the PIEC operates under the

consistent spraying mode.
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Under the periodic spraying conditions, as listed in Table 5.3.3, all related terms are also
examined based on the same criteria. Five linear terms, five interactive terms, and two square
terms are qualified as they meet the AIC and p-value requirements. Therefore, the regression

model of the response is formulated by

Atp‘con = 702122 + 0.75523tp,in - 194372Vp - 0765062ts,|n = 693711RH5,|n + 0845788Vs -
0.121298tpinvp + 0.138158tpinvs + 0.112169Vptsin + 1.18086VpRHsin - 1.97477RHsinVs +

0.191412v,2 - 1.17165vs (49)

Atpint = 6.77122 + 0.75523tp,in - 1.94372vp - 0.765062tsin + -6.93711RHsin + 0.845788vs -
0.121298tp,ian + 0.138158tp,inVs + 0.112169ths,in + 1.18086VpRHs,in - 1.97477RHs,inVs +

0.191412vp? - 1.17165vs’ (50)

Table 5.3.2 ANOVA for the response of primary air temperature drop (consistent spraying mode)

Source Sum of Squares df Mean Square F-value p-value
Model 124.75 13 9.60 1709.29 < 0.0001 ++
A - tpin 89.16 1 89.16 15880.90 < 0.0001 ++
B-vp 15.63 1 15.63 2783.83 <0.0001 ++
C - tsin 3.76 1 3.76 669.38 < 0.0001 ++
D - RHs;in 5.68 1 5.68 1012.26 < 0.0001 ++
E-vs 7.66 1 7.66 1363.79 < 0.0001 ++
AB 0.9416 1 0.9416 167.73 <0.0001 ++
AE 0.3054 1 0.3054 54.40 <0.0001 ++
BC 0.0503 1 0.0503 8.96 0.0053 +

BD 0.0558 1 0.0558 9.94 0.0035 +
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DE

A=

B=2

E=2

Residual

Lack of Fit

Pure Error

Cor Total

0.0390

0.0212

0.3936

0.8013

0.1797

0.1797

0.0000

124.93

32

27

45

0.0390

0.0212

0.3936

0.8013

0.0056

0.0067

0.0000

6.95

3.77

70.12

142.72

0.0128

0.0609

< 0.0001

<0.0001

++

++

Note: ++ means extremely significant (p-value<0.001); + means significant (0.001<p-

value<0.05) and - means insignificant (p-value>0.05)

Table 5.3.3 ANOVA for the response of primary air temperature drop (periodic spraying mode)

Source Sum of Squares df Mean Square F-value p-value
Model 124.73 12 10.39 1707.92 <0.0001 ++
A - tpin 89.16 1 89.16 14650.03 < 0.0001 ++
B-vp 15.63 1 15.63 2568.06 < 0.0001 ++
C - tsin 3.76 1 3.76 617.50 <0.0001 ++
D - RHs;in 5.68 1 5.68 933.80 <0.0001 ++
E-vs 7.66 1 7.66 1258.08 < 0.0001 ++
AB 0.9416 1 0.9416 154.73  <0.0001 ++
AE 0.3054 1 0.3054 50.18 <0.0001 ++
BC 0.0503 1 0.0503 8.27 0.0070 +
BD 0.0558 1 0.0558 9.17 0.0048 +
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DE 0.0390 1 0.0390 6.41 0.0163 +

B= 0.3737 1 0.3737 61.41 <0.0001 ++
E= 0.8751 1 0.8751 143.80 < 0.0001 ++
Residual 0.2008 33 0.0061
Lack of Fit 0.2008 28 0.0072
Pure Error 0.0000 5 0.0000
Cor Total 124.93 45

Note: ++ means extremely significant (p-value<0.001); + means significant (0.001<p-

value<0.05) and - means insignificant (p-value>0.05)

The perturbation plot can reflect the influence of the input factors on the tendency and
sensitivity of the response. The positive gradient of a curve means that the value of an output
response grows with the increasing input factor, while the negative gradient indicates that the
higher value of a factor leads to a reduction of the response. In addition, the response is more
sensitive to a factor when the curve gradient is steep. For the response of primary air
temperature drop, it can be noticed from Fig. 5.3.2 that the primary air inlet temperature (tp,in)
is more sensitive than the other four factors in the two spraying modes. In addition, only the
slopes of the black and purple curves are positive, which means that the increasing primary air
inlet temperature (tp,in) and secondary air velocity (vs) can reduce the response value. Among
the three curves with negative slopes, the primary air velocity (vp) is more sensitive than the

secondary air inlet temperature (tsin) and relative humidity (RHs,in).

Regarding the response surfaces and contours of the primary air temperature drop, there is
only one interactive term (vpts,in) Of the adjustable factors that need to be presented after passing
the AIC and the p-value checking. As shown in Fig. 5.3.3, the lower primary air velocity (vp)
and secondary air inlet temperature (ts,in) contribute to the larger primary air temperature drop,
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and the trend is consistent with the previous discussions. The greatest primary air temperature
drops are observed as 5.99°C and 6.23°C when the primary air velocity (vp) and secondary air

inlet temperature (ts) are 1.5 m/s and 24°C, respectively, in both two spraying modes.
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Fig. 5.3.3 The response surface and contour for the influence of factors on primary air outlet

temperature

5.3.3 Response of wet-bulb efficiency

The results of ANOVA for the response of wet-bulb efficiency under two spraying modes
are listed in Table 5.3.4 and Table 5.3.5. Under the consistent spraying mode (Table 5.3.4), the
total sum of squares is 0.3290, with 0.3276 of it explained by the model. The residual sum of
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squares is 0.0014, indicating a good fit of the model to the data. All the linear terms, four out
of ten interactive terms, and three out of five square terms pass the AIC, and their p-values are
within the upper bound of 0.05, which are all the significant terms to be used in the regression

model formulation as

Table 5.3.5 shows the ANOVA results for the intermittent spraying mode, the numbers of
qualified linear, interactive, and square terms are five, four, and three. These terms are used to
formulate the regression model of wet-bulb efficiency under the periodic spraying plan, as

expressed by

Twb,con = 2.13684 + 0.00988815tp,in - 0.112913v, - 0.126977ts in - 0.534719RHs;n -0.0313113vs
- 0.00298465tpinvp + 0.00345%6tpintsin + 0.0224793tpinRHsin  + 0.0153617tsinvs -

0.00146953tp,in? + 0.020139v,? - 0.108649vs? (51)

M ine= 2.44152 + 0.0090889ty in - 0.113918v, - 0.144867tsn - 0.907353RHs in - 0.0325939vs -
0.00298465ty,irVp + 0.004014 7ty ints.in + 0.0341017 tpinRHsjn + 0.015362 tinvs - 0.00175414tp in?

+0.0203216v,?2 - 0.107919v2 (52)

Table 5.3.4 ANOVA for the response of wet-bulb efficiency (consistent spraying mode)

Source Sum of Squares df Mean Square F-value p-value
Model 0.3276 12 0.0273 643.08 < 0.0001 ++
A - tpin 0.0817 1 0.0817 1924.33 < 0.0001 ++
B-vp 0.1468 1 0.1468 3458.60 < 0.0001 ++
C-tsin 0.0035 1 0.0035 81.97 <0.0001 ++
D - RHs;in 0.0014 1 0.0014 33.81 <0.0001 ++

E-vs 0.0734 1 0.0734 1728.49 <0.0001 ++
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AB 0.0006 1 0.0006 13.43 0.0009 +

AC 0.0008 1 0.0008 18.05 0.0002 +
AD 0.0003 1 0.0003 7.62 0.0094 +
CE 0.0002 1 0.0002 5.56 0.0245 +
A= 0.0055 1 0.0055 128.71 < 0.0001 ++
B= 0.0040 1 0.0040 9443 <0.0001 ++
E= 0.0073 1 0.0073 171.77 <0.0001 ++
Residual 0.0014 33 0.0000
Lack of Fit 0.0014 28 0.0001
Pure Error 0.0000 5 0.0000
Cor Total 0.3290 45

Note: ++ means extremely significant (p-value<0.001); + means significant (0.001<p-

value<0.05) and - means insignificant (p-value>0.05)

Table 5.3.5 ANOVA for the response of wet-bulb efficiency (periodic spraying mode)

Source Sum of Squares df Mean Square F-value p-value
Model 0.3604 12 0.0300 591.60 < 0.0001 ++
A -1tpin 0.1109 1 0.1109 2184.38 < 0.0001 ++
B-vp 0.1471 1 0.1471 2897.09 <0.0001 ++
C-tsin 0.0047 1 0.0047 92.08 <0.0001 ++
D - RHs;in 0.0004 1 0.0004 7.11 0.0118 +
E-vs 0.0736 1 0.0736 1449.02 <0.0001 ++

AB 0.0006 1 0.0006 11.23 0.0020 +
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Pure Error

Cor Total
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0.0010
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20.32

14.66
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80.38

141.69
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0.0385

<0.0001

< 0.0001

<0.0001

++

++

++

++

Note: ++ means extremely significant (p-value<0.001); + means significant (0.001<p-

value<0.05) and - means insignificant (p-value>0.05)

The variation trend and sensitivity of the influential single parameters are shown by the
perturbation plot in Fig. 5.3.4. The curves observed on the graph of intermittent spraying appear
to be shifted downwards by a small amount in comparison to the curves on the graph of
consistent spraying. It can be noticed that the primary air inlet temperature (tp,in), primary air
velocity (vp), and secondary air velocity (vs) have higher sensitivity, while the slopes of tp,in and
vs generally reduce. The curves of secondary air inlet temperature (tsin) and secondary air
relative humidity (RHs,n) are flat under both traditional spraying and intermittent spraying
strategies, indicating the less influence on the response compared with the former three factors.
In addition, the slopes of the primary air inlet temperature (tp,in) and secondary air velocity (vs)

generally decrease, indicating that the degree of influence weakens when the two input

parameters become larger.
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Fig. 5.3.4 Perturbation plot of wet-bulb efficiency

The response surfaces and contours of wet-bulb efficiency are presented in Fig. 5.3.5. For
this response, only one interactive term (tsinVs) that contains both controllable parameters meets
the requirements of AIC and p-value checking. The low secondary air inlet temperature (ts;in)
and high secondary air velocity (vs) lead to a greater response value under the two spraying

conditions. When the secondary air inlet temperature (tsin) is 24°C and the secondary air
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velocity (vs) is 1.5 m/s, the wet-bulb efficiencies reach the peak values of 0.482 and 0.460 for

the conventional spraying and periodic spraying, respectively.

Wet-bulb efficiency
0.48

o
3

0.47

=3
&

0.45

o

Koua1o14d qIna-1d M

(a) Consistent spraying mode

Wet-bulb efficiency
0.46

082

0.44

(=

Koualoiyd qina-1 M

(b) Periodic spraying mode

Fig. 5.3.5 The response surface and contour for the influence of factors on wet-bulb efficiency

5.3.4 Response of COP

Table 5.3.6 presents the results of ANOVA for COP in a consistent spraying mode. The

overall fit of the model is highly significant, with an F-value of 1502.82 and a p-value less than
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0.0001. The model explains a significant portion of the variance in the response variable, as
indicated by the sum of square value of 1449.40. After the AIC testing, five linear terms, four
interactive terms, and two square terms are available. The p-value of all terms except vsis within
0.05, which is significant so as to be included in the regression model. However, the linear term
is also involved to ensure that the model is hierarchical although the p-value exceeds the upper

bound. Thus, the regression model of the COP under consistent mode can be written by

Under the periodic spraying mode, as shown in Table 5.3.7, the total sum of squares is
4588.05 with 4568.68 from the model. All linear terms are significant as their p-values are much
lower than 0.05. Besides, three interactive terms and two square terms satisfy the AIC and range
of p-value. Therefore, they are used for developing the regression model of COP, and the final

format is written by

COPcon= 31.4183 + 1.96468tpin - 0.336358vp - 2.67225tsin - 22.8679RHsin - 10.5006vs +

0.16869tp,invp + -0.163553tp.n Vs + 1.98825VpVs + 0.8131815nvs - 1.08789 v? - 5.02043 v (53)

COPin=57.7062 + 5.17544 ty.n - 2.35812Vp - 5.56301s in - 37.836RHs in - 36.0146Vs - 1.31159t,in

Vs + 7.92069vpVs + 2.30796ts invs - 1.50371v,? + -5.48835vs° (54)

Table 5.3.6 ANOVA for the response of COP (consistent spraying mode)

Source Sum of Squares df Mean Square F-value p-value

Model 1449.40 11 131.76 1502.82 < 0.0001 ++
A-tpin 1264.91 1 1264.91 14426.86 < 0.0001 ++
B-vp 14.01 1 14.01 159.80 < 0.0001 ++

C - tsin 55.30 1 55.30 630.70 < 0.0001 ++
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D - RHs;in 83.67 1 83.67 954.30 < 0.0001 ++

E-vs 0.1284 1 0.1284 1.46 0.2346 -
AB 1.82 1 1.82 20.77 <0.0001 ++
AE 0.4280 1 0.4280 4.88 0.0340 +
BE 3.95 1 3.95 45.09 <0.0001 ++
CE 0.6613 1 0.6613 7.54 0.0096 +
B= 12.07 1 12.07 137.68 <0.0001 ++
E= 16.07 1 16.07 183.26 < 0.0001 ++

Residual 2.98 34 0.0877
Lack of Fit 2.98 29 0.1028
Pure Error 0.0000 5 0.0000
Cor Total 1452.38 45

Note: ++ means extremely significant (p-value<0.001); + means significant (0.001<p-

value<0.05) and - means insignificant (p-value>0.05)

Table 5.3.7 ANOVA for the response of COP (periodic spraying mode)

Source Sum of Squares df Mean Square F-value p-value
Model 4568.68 10 456.87 825.70 < 0.0001 ++
A -tpin 3821.92 1 3821.92 6907.36 < 0.0001 ++
B-vp 61.21 1 61.21 110.63 < 0.0001 ++
C - tsin 169.62 1 169.62 306.55 < 0.0001 ++
D - RHs;in 229.05 1 229.05 41396 <0.0001 ++

E-vs 154.51 1 154.51 279.25 <0.0001 ++
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AE 27.52 1 27.52 49.74 <0.0001 ++

BE 62.74 1 62.74 113.39 < 0.0001 ++
CE 5.33 1 5.33 9.63 0.0038 +
B= 23.06 1 23.06 4168 <0.0001 ++
E= 19.20 1 19.20 3471 <0.0001 ++

Residual 19.37 35 0.5533

Lack of Fit 19.37 30 0.6455

Pure Error 0.0000 5 0.0000

Cor Total 4588.05 45

Note: ++ means extremely significant (p-value<0.001); + means significant (0.001<p-

value<0.05) and - means insignificant (p-value>0.05)

The perturbation plots of COP under conventional consistent spraying and periodic
spraying conditions are presented in Fig. 5.3.6. Under both two spraying modes, the primary
air inlet temperature (tp,in) is observed as the most sensitive among the five single linear factors,
which is almost a straight line with positive slope. While it can be seen that the secondary air
inlet temperature (ts,in) and relative humidity (RHs,in) both have a negative slope, indicating that
the response values decrease when the two input factors increase. For the consistent spraying
condition, the slopes of primary air velocity (vp) and secondary air velocity (vs) are both positive
in the beginning, while the two curves generally become flat and then slightly towards down
given the higher value of the two factors. For the periodic spraying, the slopes of these two lines
are relatively flat at lower input value, and they increase as the input values increase with a
negative slope, which means that the higher channel air velocities can reduce the response

values of COP.
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Fig. 5.3.6 Perturbation plot of COP
Regarding the response surfaces and contours of COP under the traditional continuous
spraying and the intermittent spraying, the significant interactive terms with controllable
parameters are vpvs and tsvs based on the results of ANOVA. As shown in Fig. 5.3.7(a) and (c),

under the consistent spraying mode, it is noticed that the response value may not be unlimitedly

improved by changing the factors to maximum or minimum value based on the variation trends
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of the single factor. The interactive factors need to be controlled simultaneously for getting the
better performance. The peak response value is achieved as 17.8 and 19.4 when vp= 3.05 m/s,
vs= 1.11 m/s and tsin= 24°C, vs= 0.95 m/s, respectively. While the under the intermittent
spraying conditions (Fig. 5.3.7(b) and (d)), the peak value is obtained by minimizing the
channel air velocities (v, and vs) and the secondary air inlet temperature (ts). Specifically, the
COPs both reach the maximum at 34.7 when vp= 1.5 m/s, vs= 0.5 m/s and tsin= 24°C, vs=0.5

m/s.

B 8 8 ® 8

d00

cor cop

343

(c) (d)

Fig. 5.3.7 The response surfaces and contours for the influence of factors on COP (a) vy~ vy
(consistent spraying) (b) v~ vy (periodic spraying) (c) f~vs (consistent spraying) (d) t~vs

(periodic spraying)
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5.3.5 Optimization of design parameters using desirability function

In addition to its use in forecasting, this RSM-based model can be used to optimize the
IEC during the design stage of the AC system. The primary objectives of the optimization are
to achieve greater cooling performance and higher energy efficiency. As discussed earlier, the
PIEC system can operate under consistent and periodic spraying modes, and the performance
indicators under these two spraying conditions are primary air temperature drop, wet-bulb
efficiency, and COP. Therefore, the multi-objective optimization can be proposed using the
desirability function considering the input parameter ranges in Table 5.2.1. The desirability
function works by transforming each response variable into a dimensionless score between 0

and 1, where 0 represents the worst possible value and 1 represents the target value [147].

1
D = (d,""d,"" ..d,) V' ZIWF (55)

where D is overall desirability score;
dy, do, ..., dn are desirability scores for each response variable;

WF1, WF, ..., WF, are the weighting factors for each response variable.

The optimization goals can be categorized into in range, maximize, and minimize, and the

individual desirability needs to be calculated according to the different goals [148].

When the goal is to maximize one response, should be employed:
00 =h
d= (_y_l)r I<y<U (56)
v—1) " =Y=
L W=y

When the goal is to minimize one response, is utilized:
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d = (u) JA<y<U (57)

where d is desirability score for the response variable;
y is actual value of the response variable;
I is lower limit of the acceptable range for the response variable;
U is upper limit of the acceptable range for the response variable;

r is weight of a corresponding response.

The weighting factors for each response variable are based on the relative importance of
each response variable to the overall design objective. They are typically set by the user based
on the problem and the design requirements. Once the desirability scores and weighting factors
are determined, the overall desirability score is calculated using the weighted product of the
individual desirability scores. The resulting score ranges between 0 and 1, with 1 representing
the most desirable design [149]. During the optimization process, the indicators under the two
spraying conditions are given equal importance. Then, the desirability is maximized based on
the goals and the limited range of the input factors presented in Table 5.3.8, which can achieve
the greatest desirability of 0.97 and 0.99 for traditional and periodic spraying, respectively,

among all solutions.

Table 5.3.8 Optimized solution of the PIEC under the two spraying modes.

Name Goal Solution

Consistent Intermittent

tpin Is in range 32 32
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v, IS in range 15 15

tsin is in range 24 24
RHg i Is in range 0.4 0.42
g IS in range 1.2 1.1
Atp,con IS in range 10.1 -
1wb, con Maximize 0.61 -
COPcon Maximize 27.3 -
Atp, int Maximize - 9.6
Nwb_int Maximize - 0.59
COPint Maximize - 49.1
Desirability 0.974 0.99

5.4 Chapter summary

In this chapter, the response surface methodology (RSM) was employed to develop the
regression models of the PIEC under consistent and intermittent spraying conditions for
performance prediction and optimization. In this regard, five factors were determined as the
inputs, and three indicators were selected as the output responses for both consistent and
intermittent spraying modes. The Box-Behnken Design (BBD) was employed to generate the
matrix for the RSM-based model, and the matrix response data were obtained from the 3-D
established PIEC model validated by the experimental results. The regression models and the

effects of the single and interactive factors are accordingly presented. Finally, the multi-
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objective optimizations of the controllable parameters are conducted for the PIEC under the

two spraying modes based on the desirability function approach. In addition to obtaining the

regression models of the responses under different spraying modes, the main findings can be

summarized as follows.

1)

2)

3)

The sensitivity of the input factors changes in the different responses. Primary air
temperature and velocity exhibit greater sensitivity for responses of primary air
temperature drop and wet-bulb efficiency in the consistent and intermittent spraying
modes, while primary air and secondary air relative humidity display higher sensitivity

than another three inputs for the response of COP under the two spraying modes.

The response value may not be unlimitedly improved by altering the factors to
maximum or minimum value based on the variation trends of single factors. The
interactive factors need to be controlled simultaneously for getting the better
performance. The most significant COP under the consistent spraying is achieved when
vp= 3.05 m/s vs= 1.11 m/s and tsin= 24°C, vs= 0.95 m/s. While the COP reaches
maximum when vp= 1.5 m/s, vs= 0.5 m/s and tsin= 24°C, vs= 0.5 m/s in the intermittent

spraying mode.

The adjustable input factors are optimized as vp= 1.5 m/s, vs= 1.2 m/s, tsin= 24°C and
vp= 1.5 m/s, vs= 1.1 m/s, tsin= 24°C for consistent and periodic spraying modes,
respectively. These optimizations result in the highest desirability, considering the

simultaneous maximized primary air temperature drop, wet-bulb efficiency, and COP.

In summary, the simplified approach for forecasting the performance of the PIEC system

using regression models based on RSM can provide a more practical and convenient alternative

to the computationally-intensive 3-D CFD model, which can facilitate the implementation and

optimization of the PIEC system in engineering applications.
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Chapter 6 Energy, exergy, and environmental (3E) analysis of the

PIEC system

Based on the 3-D model and the empirical model obtained from response surface
methodology (RSM), the cooling performance of the indirect evaporative cooler with porous
material on the secondary air channel surface (PIEC) can be predicted under the consistent and
periodic spraying modes. Therefore, the performance comparisons should be carried out
between the traditional consistent spraying and periodic spraying modes from the energy,

exergy, and environmental (3E) perspectives, which are presented in this chapter.

This chapter is written based on an accepted manuscript of this thesis author. The paper is
titled “A novel indirect evaporative cooler with porous media under dual spraying modes: a
comparative analysis from energy, exergy, and environmental perspectives” accepted by

Journal of Building Engineering.

6.1 Significance of 3E evaluation

The importance of performing 3E evaluations is rooted in their ability to offer a
comprehensive analysis of the performance and sustainability of energy systems [150]. The
energy evaluation assist in determining the energy efficiency of a system, recognizing energy
waste and consumption concerns in some cases, and suggesting methods to decrease energy
usage [46]. The exergy evaluation is more sophisticated, which considers energy quality and
evaluates the irreversibility of energy transformations within a system [151]. The
environmental evaluation examines the ecological impact of energy systems, such as
identifying pollutant emissions, greenhouse gas emissions, and the utilization of natural

resources [152].
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6.2 Performance indicators of 3E evaluation
6.2.1 Energy indicator

Three indicators are employed as energy indicators, namely, wet-bulb efficiency, cooling
capacity, and COP, which have been pervasively used and written from to

and [153-155].

tp,in - tp,out (58)

Nwp =
tp,in - twb,s,in

Q= mpcpa(tp,in - tp,out) (59)

where tp,out IS the outlet temperature in the consistent spraying mode, which needs to be replaced

and calculated by during a ranged cycle in the periodic spraying scenarios.

T2
.[[0 tp,out AT

t pout = pa— (60)

where 7, and z, represent the start and end time points of a cycle, respectively.
O W + (Wpu?npor W) (61
The power load from fans can be calculated by according to the existing IEC

literature [112]. The values of fan power are figured according to the supply air volume and an

assumed distribution resistance of 30 Pa for both primary air and secondary air loops.

:%.K
No™M1

(62)

fan
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fReL puz

P = S 63

¢ ReD, 2 ( )
(i=ps)

fre = 96 % (1 — 1.3553a + 1.9467a? — 1.7012a3 + 0.9564a* — 0.2537a®) (64)

where Q is air flow rate, m%/h;
fre Is friction coefficient;
L is length of IEC, m;
De is equivalent diameter, m;
Re is Reynolds number;
a is the dimensionless shape factor;

no, n1are internal efficiency mechanical efficiency of the fan;
K is the motor capacity coefficient.

The water pump power in the consistent mode and equivalent power of a cycle under
periodic spraying can be obtained by the following equations, which are both related to the head

loss of the nozzle, gravity, and valves.
VVpump =Mgp-9g- hiotar " K (65)

T
ffol Mgy~ g+ htotar - Kdt

Woump' = — (66)

where 7, is time point pausing the water spraying;
g is the gravitational acceleration, m/s?;
hw 1S total heat loss, m;

Msp IS the mass flow of the spraying water, kg/s;
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htotal = hnozzle + hgravity + hvalve (67)

where hnozzte, hgravity and hvaise are the head loss from water nozzles, the gravity, and water valves

on the pipeline, m.

6.2.2 Exergy indicator

Exergy is a measure of the amount of work that can be extracted from a system as it comes
to equilibrium with a reference environment, taking into account the quality and availability of
the energy. It is a concept in thermodynamics that provides a more complete understanding of
the potential for energy conversion and the limitations imposed by the laws of thermodynamics.
The total exergy of the moist air is mainly the sum of its thermal exergy, chemical exergy, and

mechanical exergy ( ) [151, 156, 157].
Ex = Exther + EXchem + EXmecn (68)

where EXtner, EXchem, EXmech, are thermal, chemical, and mechanical exergy, W (consistent

spraying) and Wh (periodic spraying);

The thermal exergy is the part of the total exergy of a substance that is associated with its

temperature and can be converted into useful work in a thermal process, which can be expressed

by
T
Extper = m(cpa + wcpv)(T — Ty — Tpln (T—O)) (69)

where T, To are temperature and temperature at saturated air dead state, K;
m is mass flow rate, kg/s;

w 1S humidity ratio, kg/kg(dry air);
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Cpa, Cpvare specific heat capacity of dry air and water vapor at constant pressure, J/(kg K);

The chemical exergy is the maximum amount of useful work that can be obtained from a
chemical substance as it reacts with a reference environment at a specified temperature, pressure,

and composition. It is related to the air humidity ratio and is calculated by

1+ 1.608w,

Exchem = m((l + 1608W)T0Ral n (m

) + 1.608WTyR,In (a%)) (70)

where Ra is specific gas constant for dry air,

w, w, are humidity ratio and humidity ratio at saturated air dead state, kg/kg(dry air).

The mechanical exergy, also known as work exergy, is the part of the total exergy of a
substance that can be converted into useful work in a mechanical process, which is related to

the pressure and can be formulated by
P
ExXmecn = m(1 + 1.608w)R,Toln (P—)) (71)
0

where P, P, are humidity ratio and humidity ratio at saturated air dead state, kg/kg(dry air);

Several assumptions can be made prior to calculating the exergy for different operating
conditions. Firstly, it has been proved that the energy conversion predominantly leads to the
heat and mass transfer in the IEC rather than the work from minor pressure changes. Therefore,
mechanical exergy because of the pressure drop is usually ignored in IEC exergy analysis [124].
Secondly, the saturation point of the primary inlet air is determined as the reference/dead state
[158]. Thirdly, the tiny convection that arises in the porous layer is not considered. Fourthly, in
the continuous mode, the inlet and outlet water status is identical. In the periodic mode, one
cycle is taken as the objective for analysis, and the inlet and outlet statuses of the wet porous

media are identical. Therefore, the water exergy in the stable spraying mode and the exergy of
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the wet porous media in the periodic spraying mode are both neglected.

Hence, the exergy balance equation of the PIEC can be formulated by
Expin + Exgin — EXp out — EXg out — EX1oss + EXpan + EXpymp = 0 (72)

When evaluating the exergy performance of the IEC system, the exergy efficiency usually
needs to be calculated. Ratlamwala and Dincer mentioned that the definition of this indicator
varies based on different understandings [159]. It is necessary to summarize the commonly-
used definitions in published IEC research as follows: 1) the ratio of output exergy to supply
exergy [160, 161]; 2) the ratio of produced exergy by conversion to the supplied exergy for
maintaining the transfer process [124, 162]. In recent studies, the latter definition has become
popular because it weakens the influence of the dead state and allows for a greater extent of
variation in the results due to changes in input parameters. Hence, the second definition is

adopted in this study as shown in

AExp
" AEXs + Expan + EXpymp

(73)

nex

The exergy loss ratio is defined as the exergy loss to the input exergy as formulated in

Exloss

Nioss = Wm (74)

6.2.3 Environmental indicator

The CO2 emission, which is the most important when it comes to carbon peaking and
carbon neutrality, is determined as the environmental indicator and can be calculated by

. In this study, the emission coefficient of CO2 can be appointed as 0.581 kg/kWh according
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to the latest notice issued by the official governmental ministry [163].

Memission = fCOZE (75)

E=-05T (76)

where f¢o, is greenhouse gas emission intensity, kg/kWh;
E is energy consumption of the system, kWh;

7 is system operation time, h.
6.3 Periodic spraying and consistent spraying

As known from the experiments and simulation in the previous two chapters, the PIEC can
cool the air under both consistent and periodic spraying conditions. Fig. 6.3.1 exhibits the
temperature variation and the spraying system operation under the two modes, represented by
scenarios 1 and scenarios 2, respectively. The PIEC is wetted in advance during the preparation
stage in both two cases, and then the two fans start working. In scenario 1, when the lowest
temperature is obtained, the water system continues working to distribute liquid water into the
secondary channel. Because water is sufficient for evaporation, the outlet temperature keeps as
constant. In scenario 2, after getting the lowest temperature, the outlet supply air temperature

fluctuates within 0.5°C by controlling the on/off status of the water system for several cycles.

Scenario 1 Preparing stage ! 4 i
toin |:c> tin > Lo ——>
Intermittent spraying Fans off; Pump on Fans on; Pump off Fans on; Pump off Fans on; Pump on
o : t

ﬁ : Temperature increase !
i t C:M f

p,out

p,out

¢ : Temperature decrease
Fans on; Pump off Fans on; Pump on

Scenario 2 Preparing stage |
nario2 ooy 4
Continuous spraying Fans off; Pump on Fans on; Pump on

(a) Temperature variation
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(b) Spraying system operation

Fig. 6.3.1 Scenarios with two spraying modes of the PIEC water system

In order to present the pair of cases for comparison, a pre-test is carried out as an example
to illustrate the two spraying modes with the input parameters of tpin = 30°C, RHp,in = 40%, Vp
=3 m/s, tsin = 25°C, RHs;in = 60%, vs = 2 m/s, and d = 4 mm. Fig. 6.3.2 shows the variation of
the primary air outlet temperature in the 9000 seconds of simulation. The light pink area is the
spraying period. The rest of the time is named interval or non-spraying period, corresponding
to the light green region. Under the periodic spraying mode, the PIEC is thoroughly wetted to
ensure the air can be cooled to the lowest temperature, and then the water supply is interrupted.
It can be seen that the temperature drops rapidly from 30°C to 24.82°C, and it gradually turns
up and reaches 25.32°C due to the insufficient amount of water, which is also the signal (0.5°C

temperature rise threshold) to recover the water spraying. The outlet temperature determines
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the opening point of the spray system, which eventually forms several cycles within the range
of every double-headed arrow. For recurrent spraying conditions, the temperature varies
periodically so that any cycle (such as the solid brown line) can be taken for 3E analysis. In this
scenario, the water is sprayed for 120 s (pink area) and paused for 2040 s (light green area).
While for continuous spraying conditions, the temperature value can be stabilized at the lowest

point (such as point A in Fig. 6.3.2), and its corresponding inlet and outlet parameters of the

heat exchanger are used for 3E evaluation.
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Fig. 6.3.2 PIEC primary air outlet temperature profile under periodic spraying

In order to compare the 3E performance under different spraying conditions, the

simulations are conducted based on the input parameters listed in Table 6.3.1, and the results

are used to calculate the 3E indicators in the following section.

Table 6.3.1 Range of input parameters for PIEC performance analysis

Parameter Range Parameter Range

tp,in (OC) 24'36 RHs,in (%) 60
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RHp,in (%) 40 Us (m/s) 1-3
up (m/s) 1.5-3.5 d (mm) 4,5

tsin (OC) 25 L (m m) 400

6.4 Energy performance

6.4.1 Influence of the primary air inlet temperature

Fig. 6.4.1 displays the influence of primary air inlet temperature on the wet-bulb efficiency,
cooling capacity, and COP of the PIEC system under the two spraying modes. It is observed
that all three energy indicators exhibit an increasing trend with higher inlet temperature. The
wet-bulb efficiency and cooling capacity under the continuous spraying mode are slightly
higher than those under the intermittent condition. For instance, when the channel height is 4
mm, the wet-bulb efficiency (solid black line) increases from 0.34 to 0.54 as input temperature
grows from 24°C to 36°C, which is slightly superior to the values on the black dash line (Fig.
6.4.1(a)). A similar trend is observed for cooling capacity (Fig. 6.4.1(b)), with values increasing
from 222.26 W to 1234.5 W and 193.7 W to 1202.3 W under continuous and intermittent modes,
respectively. The COP values vary from 5.2 to 28.9 on the dashed line, which are greater than
those on the solid line. Furthermore, the differences between the two lines are enlarged to 9.2
with the higher inlet temperature, and the growth ratio is up to 36.6% among these cases. When
the channel height is 5 mm, the wet-bulb efficiency (solid red curve) increases from 0.28 to
0.46 as the input temperature grows from 24°C to 36°C, which is also marginally above the red
dashed line. The cooling capacity ranges from 229.6 W to 1309.7 W under the consistent
spraying condition, which is a little bit greater than them from 196.3 W to 1268.7 W with the
intermittent spraying mode. Regarding the COPs, the enlarged differences between the two
spraying plans are noticed with the higher inlet temperature as in the cases of d=4 mm, and the

most significant increasing rate is 31.3%.
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Fig. 6.4.1 Influence of the primary air inlet temperature on (a) Wet-bulb efficiency (b)
Cooling capacity, and (c) COP under consistent and periodic spraying
6.4.2 Influence of the primary air velocity

The impact of the primary air velocity on the three indicators is depicted in Fig. 6.4.2. It

can be found that the wet-bulb efficiency and cooling capacity with consecutive spraying are

slightly higher than those in intermittent spraying conditions because the periodic mode cannot

always maintain the lowest temperature as it is in the consistent circumstance. However, the

tendencies of the three indicators are different. Taking the pair of cases that 4 = 4 mm for
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instance, the wet-bulb efficiency (solid orange line) declines significantly from 0.66 to 0.45
with the increase of primary air speed (Fig. 6.4.2(a)), and the values on the dashed line also fall
from 0.64 to 0.43. Nonetheless, the cooling capacity shows an opposite trend and expands from
490.7 W to 798.1 W and from 474.2 W to 752.5 W in the two scenarios, given the faster velocity
(Fig. 6.4.2(b)). COPs are enhanced by the higher air velocity, but the extent of the growth
gradually weakens. The periodic strategy can achieve a 32.8% improvement of COP on average
compared with the traditional plan (Fig. 6.4.2(c)). When the channel height is 5 mm, the wet-
bulb efficiency (solid green curve) decreases from 0.58 to 0.38 as primary air velocity from 1.5
m/s to 3.5 m/s, which is also slightly higher than the green dash line. The cooling capacity
ranges from 535.4 W to 827.0 W under the consistent spraying condition, which marginally
exceeds them under the periodic spraying mode from 519.3 W to 787.9 W. Regarding the COPs,
the periodic spraying can enhance the COP with the growing velocity from 1.5 m/s to 3.5 m/s,
but the slope of the curve gradually becomes flat, which achieves the most significant increasing
rate of 38.9% among the studied cases. In summary, raising the primary air velocity can stably
promote the energy saving of the periodic spraying plan with a tiny temperature fluctuation,

while the further elevation of COP will be quite limited when the speed reaches a certain value.
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Fig. 6.4.2 Influence of the primary air velocity on (a) Wet-bulb efficiency (b) Cooling

capacity, and (c) COP under consistent and periodic spraying

6.4.3 Influence of the secondary air velocity

The secondary air velocity is an essential parameter, and the influence of it on the three
performance indicators is presented in Fig. 6.4.3. By and large, the increasing trend of wet-bulb
efficiency and cooling capacity is noticed with the development of the secondary air velocity,
and the stable spraying mode contributes to the greater performance. Contrary to the former
two indicators, COPs suffer from great loss, and it is visibly upgraded by using the recurrent
spraying plan. Taking a couple of scenarios that 4 = 4 mm as an example, in Fig. 6.4.3(a)-(b),
the points on the solid blue line are larger than those on the dash blue line, and the best wet-
bulb efficiency and cooling capacity are 0.43 and 767.12 W under the stable spraying mode.
The maximum COP is obtained as 31.2 when the velocity is 1 m/s, which is 58.7% more than
the traditional condition. When the channel height is 5 mm, the wet-bulb efficiency (solid purple
curve) increases from 0.37 to 0.43 as primary air velocity from 1 m/s to 3 m/s, which is slightly
higher than the purple dash line. The cooling capacity ranges from 680.7 W to 803.7 W under

the consistent spraying condition, which marginally exceeds them under the periodic spraying
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mode from 651.1 W to 780.9 W. Regarding the COPs, the greatest increasing rate is 51.0%

when the secondary air velocity is 1 m/s. Nonetheless, the COP improvement shrinks rapidly

with the air speed from 1 m/s to 3 m/s in the two pairs of scenarios.
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Fig. 6.4.3 Influence of the secondary air velocity on (a) Wet-bulb efficiency (b) Cooling

capacity, and (c) COP under consistent and periodic spraying
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6.5 Exergy performance

6.5.1 Exergy flow and distribution

The exergy flow variations of two example cases of the PIEC are presented in Fig. 6.5.1
under two spraying conditions. The input parameters are fixed as: tp,in = 30°C, RHp,in = 40%, Up
=3 m/s, tsin = 25°C, RHsin = 60%, us = 2 m/s, d = 4 mm. For continuous spraying mode, the
whole process relies on the transformation of the secondary air chemical exergy, which has
three destinations: primary air thermal exergy, secondary air thermal exergy, and destruction.
The former two items are the majority of the conversion. In Fig. 6.5.1(a), there is 6.42 W
thermal exergy converted to the primary air. Meanwhile, the secondary air gains 1.59W thermal
exergy and reaches 5.65 W, accompanied by the rapid reduction of secondary air chemical
exergy from 70 W to 25.35 W. The primary air chemical exergy remains the same because there

is no moisture content change.

For each cycle generated under intermittent spraying conditions, the variation trend is
similar to that of traditional spraying. As shown in Fig. 6.5.1(b), the primary air acquires 3.56
Wh of thermal exergy, while the chemical exergy remains fixed. The thermal exergy of the
secondary air increases slightly from 2.44 Wh to 2.77 Wh, while the chemical exergy decreases
significantly from 42.02 Wh to 19.94 Wh. The mechanical exergy is to maintain the fluid
flowing, which can be regarded that has no influence on the value of the air thermal and
chemical exergy, which is ultimately converted to a part of destruction. In addition, it is noticed
that destruction inevitably exists no matter which spraying conditions, indicating the
irreversibility of the whole process. The exergy efficiency and loss ratio are discussed in the

following sections with varied input air conditions.
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Fig. 6.5.1 Exergy flow variation of PIEC in the condition of (a) consistent spraying and (b)

periodic spraying

6.5.2 Influence of the primary air inlet temperature

As mentioned in section 6.2.2, the saturation point of the inlet primary air is determined
as the reference state for exergy performance calculation. The temperature and humidity ratio

of the dead state increases with the growing inlet temperature. Therefore, the primary air
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absorption ability, the secondary air absorption ability, and the cooling ability of secondary air

are relatively enhanced.
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Fig. 6.5.2 Influence of the primary air inlet temperature on (a) exergy efficiency (b) exergy

loss ratio under consistent and periodic spraying

The exergy efficiency and exergy loss ratio are used as indicators to examine the exergy
performance of the PIEC in two spraying modes. The impact of the primary air inlet temperature

on the two indicators is shown in Fig. 6.5.2. The higher inlet temperature leads to the greater
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exergy efficiency, while the exergy loss ratio varies concurrently. For the exergy efficiency, the
red and black dash curves are above the solid lines, indicating the enhancement by the periodic
spraying. Regarding the exergy loss ratio, the scenarios of intermittent strategies achieve lower
values on average and perform better than the conventional mode. The reduction of the loss

ratio is 0.07 and 0.06 on average in the scenarios of d = 4 mm and d = 5 mm, respectively.

The inlet exergy of primary air and secondary air under the two spraying modes is identical,
so the exergy efficiency depends on the variation extent of the other two outlet exergy. Although
the primary air under traditional mode can obtain a little more exergy, the exergy consumed
from the secondary side under continuous spraying is more than that under periodic spraying
mode. In other words, under periodic spraying mode, the acquired primary air exergy is slightly
low, but the consumed exergy from the secondary air is much lower than the traditional mode,
resulting in the better exergy efficiency. For the PIEC, the humidity difference between the
water membrane and secondary air decreases with the limited water evaporation during the non-
spraying duration. Meanwhile, the lack of water leads to the temperature increase of the heat
transfer plate, and the temperature difference between the primary air and plate is smaller. These

two fewer differences diminish the exergy loss ratio in the periodic spraying cases.

6.5.3 Influence of the primary air velocity

The impact of the primary air velocity on exergy efficiency and exergy loss ratio under
two spraying modes is shown in Fig. 6.5.3. The two indicators drop with the development of
primary air velocity. Periodic spraying cases show higher exergy efficiency and lower exergy
loss ratio compared with the traditional mode. For instance, in the pair of cases with d =4 mm,
the exergy efficiency falls from 0.08 to 0.07 with the growing speed from 1.5 m/s to 3.5 m/s,
exceeding the solid line (Fig. 6.5.3(a)). Regarding the exergy loss ratio, dash lines are below

the solid line in Fig. 6.5.3 (b), which means that the period spraying can reduce the exergy loss
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ratio. The loss ratio under consistent mode decreases from 0.39 to 0.31, while the range is 0.31

to 0.26 in the periodic conditions.
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Fig. 6.5.3 Influence of the primary air velocity on (a) exergy efficiency (b) exergy loss ratio

under consistent spraying and periodic spraying

Given the same inlet temperature, the higher primary air speed leads to the larger total inlet

exergy as well as the exergy destruction. The degree of the obtained exergy in the primary air

is still less than that of the converted exergy from the secondary air so that the declining
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tendency occurs in Fig. 6.5.3(a). The increasing degree of the total inlet exergy is much greater
than the exergy loss, which leads to the decreasing trend in Fig. 6.5.3(b). When the periodic
spraying is implemented, the humidity gradient between the secondary air and the water film is
narrowed due to the limited water reserved by PIEC in the whole cycle. Although the exergy
obtained by the primary air decreases slightly, the exergy efficiency is still improved compared
with continuous spraying. The periodic spraying reduces the temperature difference between
the plate and the primary air as well as the moisture content difference of the secondary air,

which promotes the decrease of the exergy loss ratio.

6.5.4 Influence of the secondary air velocity

Fig. 6.5.4 exhibits the impact of the secondary air velocity on exergy efficiency and exergy
loss ratio under conventional spraying and recurrent spraying. It is found that the two indicators
have the opposite trend with the growing secondary air speed from 1 m/s to 3 m/s. Taking the
couple cases of d = 4 mm for discussion, the exergy efficiency declines from 0.084 to 0.064
and from 0.102 to 0.073 for persistent and periodic modes, respectively. The exergy loss ratio
increases up to 0.197 and 0.157 with the faster speed of 3 m/s, respectively. It is found that the
dash exergy efficiency curves are higher but the corresponding exergy loss ratio is lower,

indicating the better performance using the periodic spraying plan.

The faster secondary air augments the entire input exergy. However, as mentioned
previously, the primary air outlet temperature is limitedly reduced by increasing of secondary
air speed. Therefore, the degree of exergy obtained by primary air is smaller than the exergy
consumption of secondary air growth, leading to the situation that the exergy efficiency
decreases all the way. In addition, the increase of the secondary air velocity can enlarge the
moisture content difference between the secondary air and the water membrane, which

enhances water evaporation and takes away more latent heat. The plate temperature decreases,
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and the gradient between it and primary air is expanded. The above two potential differences

lead to a bigger exergy loss ratio.
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Fig. 6.5.4 Influence of the secondary air velocity on (a) exergy efficiency (b) exergy loss ratio

under consistent spraying and periodic spraying

When intermittent spraying is used, the results resemble the previous two influencing
factors. The moisture content potential between the water film and secondary air shrinks

because of the gradual evaporation of the remaining water, and the rising plate temperature
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brings the closer temperature difference between the plate and the primary air. Compared with
traditional spraying, the two potential differences both dwindle, thus reducing the exergy loss

ratio.

6.6 Environmental performance

140 F PIEC (Con.)
PIEC (Per.)
120 - = 24-36°C;
= RH, ,=40%; u,=3 m/s;
8; 100 | 1,,=25°C; RH,;,=60%;
> u=2 m/s; d=0.004 mm;
< L=400 mm
= 80 F
o
2
€ 60
)
N
o]
O 40
20
0 1 1 1 1 1 1 1
24 26 28 30 32 34 36
Temperature (°C)
(@) d=4 mm
140 | PIEC (Con.)
PIEC (Per.)
120 |- ™ 24~36°C;
= RH, ;,=40%; u,=3 m/s;
§ 100 £,,=25°C; RH, ;,=60%;
> u=2 m/s; @=0.005 mm;
< L=400 mm
= 80
=]
2
£ 60
5]
~ L
(@]
O 40
20
0 1 1 1 1 1 1 1
24 26 28 30 32 34 36

Temperature (°C)

(b) d=5mm

Fig. 6.6.1 CO; emission of the PIEC under consistent and periodic spraying mode

As discussed in section 4.1, the PIEC has advantageous COP values that allow it to treat

cooling loads with lower energy consumption under both continuous and periodic spraying
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modes, making it a promising technology for indirectly mitigating greenhouse gas emissions.
For environmental evaluation, it is assumed that the PIEC handles the same cooling load (1 kW)
under the dual spraying modes [47]. The annual operation time of the AC system is set as 1200
h. The estimated CO2 emissions of the PIEC in the ranged primary air inlet temperature are

displayed in Fig. 6.6.1.

As shown in Fig. 6.6.1, the CO, emission is further lessened by the periodic spraying
strategy, which reduces with the growing temperature because the COPs of the PIEC are higher
in the high inlet temperature cases, as presented in section 6.3. The annual CO. emission of
PIEC under periodic spraying can be decreased by the range from 16% to 24.2% (d=4 mm) and
from 14.6% to 23.8% (d=5 mm) compared with the consistent spraying for every kilowatt

cooling load, indicating favorable environmental benefits.

6.7 Summary

This chapter presents the energy, exergy, and environmental (3E) analysis of a proposed
indirect evaporative cooler incorporated with the porous layer in the secondary air channel
(PIEC). The porous layer, located on the channel surface, is responsible for collecting spraying
water, while the bare surface faces the primary air side. Based on simulation results from the
established 3-D PIEC model, performance comparisons are conducted from 3E perspectives
under traditional consistent spraying and unique periodic spraying modes. The brief
performance comparison is summarized in Table 6.7.1. The main conclusions are presented as

follows as well.

Table 6.7.1 Summary of 3E performance indicators under two spraying modes

Perspective Performance indicator The better one

Energy Nwb 1

150



Q. 1
COP 2
Nex 2
Exergy
Nioss 2
Environment Memission 2

1: Consistent spraying; 2: Intermittent spraying.

1)

2)

3)

The consistent spraying maintains the performance constant because of the sufficient
water supply. While under the intermittent spraying condition, the stored water in
the wet porous media can temporarily maintain the evaporation process for air
cooling and delay the temperature rise during the non-spraying period, the outlet
temperature can be controlled to fluctuate within the threshold, resulting in small

cycles.

The larger wet-bulb efficiency can be obtained with the higher primary air inlet
temperature, lower primary air velocity, and faster secondary air velocity under the
continuous spraying. The cooling capacity can be enhanced by the greater primary
air inlet temperature and faster air speed in two channels. However, the periodic
spraying plan can substantially improve the COPs by up to 58.1% among the studied
cases at the cost of tiny temperature fluctuation, which can be employed in situations

regarding energy saving as the priority.

In both consistent and periodic spraying modes, higher exergy efficiency results from
greater primary air inlet temperature and lower air velocities in both channels, while
a lower exergy loss ratio occurs in cases with high primary air inlet temperature, fast

primary air velocity, and slow secondary air velocity. The primary air inlet
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4)

5)

temperature is observed as the most sensitive factor to the two exergy indicators.

Using the periodic spraying mode can not only enhance the exergy efficiency and
lessen the exergy loss ratio, but also achieve higher energy saving performance than
the consistent spraying mode, which is owing to the reduction of temperature
potential difference in the primary air side and humidity potential difference in the

secondary air side.

The periodic spraying strategy further improves COPs, thereby reducing greenhouse
gas emissions of the system. The annual CO2 emissions under periodic spraying
mode can be reduced in the range of 16% to 24.2% and 14.6% to 23.8% compared
with them in traditional consistent spraying for every kilowatt cooling load. This
finding highlights the significant environmental benefits of this unique spraying

mode in the context of the PIEC.
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Chapter 7 Conclusions and recommendations for future work

In this thesis, a novel indirect evaporative cooler with porous material on the secondary
air channel (PIEC) was newly proposed and investigated. Experimental and theoretical studies
were conducted and presented. A PIEC prototype was designed and manufactured by
assembling the hybrid plates made by sintering the porous nickel layer on the stainless-steel
sheets, which was evaluated on a lab test rig in steady and dynamic states. The cool exhaust air
from indoor environment was utilized as the secondary air to strengthen the evaporative cooling
effect. The porous structure can provide spaces for the storage of spraying water, and the
cooling effect can be maintained for a period of time even if the water system is paused.
Therefore, the traditional continuous water spraying mode can be replaced by the intermittent
spraying strategy. Then, a three-dimensional (3-D) model for the PIEC was established with
the validation of the experimental data. The temperature and humidity distributions can be
presented over time. The effects of essential parameters on the performance of the PIEC were
analyzed as well. The cooling performance of the PIEC using different spraying strategies was
predicted. Furthermore, in order to straightforwardly forecast the primary air temperature drop,
wet-bulb efficiency, and the COP of the PIEC under consistent and periodic spraying modes,
the regression models were proposed based on the response surface methodology. The
desirability function was employed to optimize the adjustable input factors in ranges. Finally,
a comprehensive comparison of the PIEC performance between the conventional consistent
spraying and the newly intermittent spraying was conducted from energy, exergy, and
environmental (3E) perspectives. The main findings from this thesis and the recommended

future work are shown as follows.

7.1 Summary of the research findings and contributions
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7.1.1 Experimental study on the performance evaluation of the PIEC

The novel PIEC was proposed, designed, and manufactured. The comprehensive

experiments were conducted for a PIEC prototype in a constructed test platform at the PolyU

lab. The purpose of the experiments is not only to investigate the water retention ability of the

porous structure of the PIEC and explore the feasibility of using different spraying modes for

the PIEC, but also to investigate the PIEC cooling performance under different spraying

conditions and to collect real data for the validation of the PIEC simulation mode. The main

conclusions from the experimental studies are:

1)

2)

3)

The enhancement of wet-bulb efficiency, reaching up to 0.642 for the prototype, can
be attributed to the increased primary air inlet temperature and secondary air velocity,
in conjunction with the reduced primary air velocity. Under steady-state conditions of
consistent spraying, the system exhibited a maximum cooling capacity of 339.1 W and

a coefficient of performance (COP) of 7.2.

The secondary air channel surface, featuring the sintered porous layer, demonstrated a
reliable water retention capacity, thereby facilitating the implementation of an
intermittent spraying strategy. Moreover, the pressure drop experienced by the
secondary air channels during non-spraying conditions was observed to be lower

compared to that during continuous spraying mode.

The threshold temperatures for reactivating the water pump were established by adding
0.5°C to the minimum temperature obtained from dynamic experiments. The overall
durations and intervals for non-spraying periods were calculated based on the variation
in inlet conditions. The longest interval was 2105 s, implying a potential reduction of

94.6% in pump operation time. By adopting the intermittent spraying scheme, the
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4)

7.1.2

average COPs of the PIEC system were enhanced by 117.5%, with the highest COP

reaching 17.3.

Taking into account the fluctuating inlet air properties under actual climatic conditions,
the PIEC can be strategically positioned before a supplementary cooling coil as pre-
cooling equipment for fresh air supply. This configuration can ensure that the AC
system reliably delivers air at a satisfactory temperature to maintain the indoor

environment while achieving energy-saving objectives.

Dynamic modeling and validation of the PIEC with consistent and

intermittent spraying modes

The 3-D model was established for the proposed PIEC with experimental validations. This

model

can predict the cooling performance under the consistent and periodic spraying

conditions, and the temperature and humidity distributions can be obtained over time. The

effects of essential parameters were investigated as well. The main conclusions from the

simulation study are:

1)

2)

The dynamic variation process of a temperature cycle can be categorized into three
stages, and the optimal wet-bulb efficiency occurs at the end of the first stage. The
greater wet-bulb efficiency due to higher primary inlet air temperature produces greater
secondary air velocity, and slower primary air velocity. Furthermore, narrowing down
channel height and using the material with larger porosity and pore diameter are also

conducive to improving the wet-bulb efficiency.

According to the simulation and experimental studies of the PIEC, periodic spraying
strategies are determined. A spraying time of 120 s is conducted at the beginning of

each cycle to supplement liquid water, and the remaining time is the interval for the
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3)

non-spraying period. In the studied ranges, higher primary inlet air temperature and

faster secondary airspeed shrink the interval significantly.

The longest and shortest non-spraying intervals are identified as 2410 s and 1270 s,
corresponding to 95.2% and 91.4% reduction of water pump working time compared
with conventional consistent water spraying mode. Meanwhile, the intermittent water

spraying leads to the noticeable improvement of COP of the PIEC system.

7.1.3 Study on the regression model and optimization of the PIEC

In this section, the response surface methodology is employed to develop the regression

model of the three essential responses under traditional consistent spraying and novel periodic

spraying conditions so that the performance of the PIEC can be predicted in a more

straightforward approach. The BBD matrix is generated, and each case is calculated based on

the established PIEC model. The effect of single and controllable interactive factors on the

responses are presented. Then, the optimizations of the adjustable parameters are conducted

based on the maximized desirability considering wet-bulb efficiency, cooling capacity, and

COP under each spraying strategy. The main conclusions from the study on the RSM-based

regression models are:

1)

2)

The sensitivity of the input factors changes in the different responses. The primary air
temperature and velocity are more sensitive for the response of primary air temperature
drop and wet-bulb efficiency under the consistent and intermittent spraying conditions,
while the primary air and secondary air relative humidity are more sensitive than the

other three inputs for the response of COP under the two spraying modes.

The response value may not be unlimitedly improved by changing the factors to

maximum or minimum value based on the variation trends of the single factor. The
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3)

7.1.4

interactive factors need to be controlled simultaneously for getting the better
performance. The most significant COP value under the consistent spraying is achieved
given the adjustable conditions of vp= 3.05 m/s vs= 1.11 m/s and ts,in= 24°C, vs= 0.95
m/s. While the COP reaches maximum when vp= 1.5 m/s, vs= 0.5 m/s and tsin= 24°C,

vs= 0.5 m/s in the intermittent spraying mode.

The adjustable input parameters are optimized as vp= 1.5 m/s, vs= 1.2 m/s, tsin= 24°C
and vp= 1.5 m/s, vs= 1.1 m/s, tsin= 24°C for consistent and periodic spraying modes,
respectively, which achieves the highest desirability considering the maximized

primary air temperature drop, wet-bulb efficiency, and COP.

Energy, exergy, and environmental analysis on the PIEC system under the

dual spraying modes

In this work, the energy, exergy, and environmental (3E) evaluation is carried out and

compared for the PIEC system under consistent spraying and intermittent spraying. This

comparison can demonstrate the characteristics of performance for each spray scheme,

especially highlighting the advantages of PIEC in the intermittent spraying mode. The main

conclusions from the study on the 3E performance comparison between the two spraying modes

are:

1) The consistent spraying maintains the performance constant because of the sufficient

water supply. During the non-spraying period, the stored water in the wet porous media
can temporarily maintain the evaporation process for air cooling and delay the
temperature rise. Under the intermittent spraying condition, the outlet temperature can

be controlled to fluctuate within the threshold and generate small cycles.

2) The larger wet-bulb efficiency can be obtained with the higher primary air inlet
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temperature, lower primary air velocity, and faster secondary air velocity under the
continuous spraying. The cooling capacity can be enhanced by the greater primary air
inlet temperature and faster air speed in two channels. However, the periodic spraying
plan can substantially improve the COPs by up to 58.1% among the studied cases at
the cost of tiny temperature fluctuation, which can be employed in situations regarding

energy saving as the priority.

3) In both two spraying modes, the greater primary air inlet temperature and lower air
velocities in two channels can contribute to a higher exergy efficiency, while the lower
exergy loss ratio happens in the cases with low primary air inlet temperature, fast
primary air velocity, and slow secondary air velocity. Furthermore, using the periodic
spraying mode can not only enhance the exergy efficiency and lessen the exergy loss
ratio, but also achieve higher energy saving performance than the consistent spraying
mode, which is owing to the reduction of temperature potential difference in the

primary air side and humidity potential difference in the secondary air side.

4) The periodic spraying strategy further improves COPSs, thereby reducing greenhouse
gas emissions of the system. The annual CO, emissions under periodic spraying mode
can be reduced in the range of 16% to 24.2% and 14.6% to 23.8% compared with them
under traditional consistent spraying for every kilowatt cooling load. This finding
highlights the significant environmental benefits of this unique spraying mode in the

context of the PIEC.

7.2 Recommendations for future work

Although this thesis has made some contribution to the understanding of the plate-type

cross-flow PIEC and validated its feasibility to cool the air under consistent spraying and
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periodic spraying modes, further research may enable the large-scale applications. Future work

can be conducted as follows:

1)

2)

3)

The hybrid porous plates used for experiments in this thesis are non-standard
customized, and the size of the plate is limited due to the current manufacturing craft,
which leads to the higher cost of the PIEC compared with the normal 1EC available in
the market, although the two metal materials are easily available. Therefore, future
research should focus on finding materials with lower costs and simplified
manufacturing processes. The economic analysis can be carried out once the initial
investment of the PIEC is reduced. The reduced and acceptable cost is the important

premise of further commercialization and application.

At present, intermittent spraying is implemented with a temperature rise threshold of
0.5°C and stable input parameters. However, it is noted that the outdoor environment
IS subject to fluctuations and the temperature rise threshold may vary with various
application scenarios and end-user requirements. As such, further research can be
carried out to explore the solution and negotiate the variation of fresh air, supply air
temperature rise, energy saving, and customer demands. If this novel PIEC can be
widely used in the future, the dynamic carbon emission coefficient may be considered

for a more comprehensive analysis as well.

Water used in experiments was of good quality and in relatively small quantity with no
observed impact on the porous media. However, However, the presence of water-
soluble calcium and magnesium compounds may influence the long-term performance
of the porous layer, especially in regions with poor water quality that are more
susceptible to scaling. Scaling can heighten thermal resistance during heat transfer and

potentially clog or fill the pores, diminishing the water storage capacity of the porous
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4)

medium. Consequently, further investigation is necessary to explore the long-term

effects of different water qualities on the porous zone.

In this thesis, exhaust air from indoor spaces, which is relatively clean and maintains a
stable condition, was employed as the source of secondary air. Nevertheless, when
outdoor air is used as secondary air, some physical impurities and potential
microorganisms in the air may generally accumulate in the pores, ultimately affecting
the performance of the porous media. Therefore, the influence of the quality of the

secondary air on the PIEC performance should also be in long-term monitoring.
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Appendix

Table A1 The matrix based on BBD

F1 F2 Fs Fa Fs R1 R2 R3 R4 Rs Rs
tpin Vo t RHsiin Vs Ao con  Thwbcon. COPeon Aty M. int COPint
°C m/s °C % m/s

28 2.5 25 0.5 1 23.57 0.44 17.53 23.82 0.41 28.53
32 2.5 25 0.5 1.5 24.60 0.52 24.73 24.85 0.50 36.99
24 2.5 25 0.5 0.5 22.40 0.26 7.50 22.65 0.22 12.75
32 2.5 24 0.5 1 24.70 0.49 28.53 24.95 0.47 47.39
24 15 25 0.5 1 21.29 0.44 7.51 21.54 0.40 13.32
24 2.5 25 0.4 1 21.31 0.34 10.74 21.56 0.31 16.79
32 2.5 25 0.5 0.5 26.45 0.39 25.54 26.70 0.37 49.10
28 2.5 25 0.5 1 23.57 0.44 17.53 23.82 0.41 28.53
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17.09

16.92

18.30

18.58

13.77

24.90

18.60

21.62

10.35

22.52

24.83

24.07

23.63

23.92

24.17

2431

24.25

23.23

25.89

22.74

22.77

21.66

0.24

0.45

0.46

0.39

0.43

0.38

0.34

0.32

0.51

0.46

0.44

0.41

0.33

11.23

47.93

20.74

29.67

27.98

23.13

34.47

34.81

25.38

41.23

27.40

35.39
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0.5
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23.11

21.96

25.52

25.77

23.64

22.37

23.57

0.54

0.61

0.44

0.31

0.33

0.57

0.59

0.24

0.49

0.47

0.30

0.44

17.43

23.35

17.53

13.40

6.10

13.39

13.83

13.55

24.37

14.75

6.52

17.53

21.89

23.63

23.82

25.37

22.72

23.36

22.21

25.77

26.02

23.89

22.62

23.82

0.51

0.59

0.41

0.28

0.28

0.54

0.57

0.22

0.47

0.44

0.26

0.41

32.24

43.76

28.53

24.73

8.91

24.91

22.14

21.18

40.60

21.59

9.58

28.53

Note:

F: factor; R: response.
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