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ABSTRACT

Direct evaporative cooling (DEC) is a technology that is continuously expanding into different areas of study. The foundation of
this process has been built through expansive research efforts and physical experimental data. The ability to accurately model and
predict the performance of DEC systems allows the energy-efficient process to gain traction in HVAC applications, however, the
inconsistencies present among research efforts created discontinuities in the reproduction of a system. By reviewing current
literature, the discrepancies in the defining methodologies of how DEC systems are defined and predicted can provide insight to
future research. This review depicts the different approaches taken in recent research to define the equations that govern the
thermodynamic processes, the different materials used in the process, and the models used to predict the performance of DEC
systems. By identifying the most common practices in current research, the gaps in literature can be recognized and overcome in
further efforts.
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INTRODUCTION

The ever-growing issue of increasing global energy consumption and CO; emissions! demands a further review of pertinent
solutions. Throughout the years, since its invention, air conditioning systems have become an integral part of most commercial
buildings and households, which are responsible for a considerable amount of the total energy consumed worldwide. The U.S
Department of Energy states that roughly 6% of all supplied energy is consumed by household air conditioners, with even larger
numbers corresponding to commercial building HVAC systems?. The necessity to improve efficiency and decrease power
consumption related to HVAC systems is crucial to the sustainability of the future. Evaporative cooling (EC) has the potential to
help HVAC systems achieve these objectives.

EC is a fairly simple process that is capable of producing economical cooling when weather conditions are appropriate, an aspect
of which is part of the limitations preventing the larger market penetration of evaporative cooling technology. While evaporative
coolers are known to achieve significant temperature drops in more arid climates, they are also known they can provide relief
from the heat in any climate with high temperatures. The evaluation of similar EC processes has yet to gain uniformity among
available research, which causes discontinuities in the progression of the technology over time. To further research efforts and
optimize this process for expanded use in the HVAC industry, there must be common methods of practice for defining EC
systems and their associated performance parameters. In doing so, the uncertainty involved in research can be addressed and
overcome, leading to a faster progression of the advancement of evaporative cooling technologies. The appropriate design and
optimization of EC systems relies on the ability of accurate models to reproduce how the system will perform. This study focuses
on models for the evaporative cooling process that occurs at the media of an EC system. As shown in Figure 1, the first
component of a basic DEC system is a media that allows for an increase in the contact, and therefore heat and mass transfer,
between the air to be conditioned and the water used to condition it. Another component includes a water recirculation
subsystem in which a pump takes water from a water sump and supplies it to the water distributor that will uniformly distribute
the water over the media. The last component is a fan that moves the air through the media.
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Figure 1. Basic layout of a DEC cooler.

Every component of the EC system has an impact on the overall performance of the EC system, whose objective is to lower the
temperature of incoming air by increasing its moisture content in an adiabatic process in which the air is cooled at constant wet-
bult temperature. This is achieved by transferring heat from the air to the water, which causes an evaporation effect as the air
flows through the water-saturated media3. The water contained in the sump is delivered to the system with the intention of fully
saturating the media; however, full saturation is influenced by each component. The media’s ability to saturate completely is
referred to as “saturation efficiency”. This concept and the associated issues are discussed in further detail in Warter Distribution
Methods. Since the incoming air stream will be cooled at a constant wet-bulb temperature, the maximum attainable temperature
drop is determined by the initial dry bulb temperature and the humidity of the incoming air as seen in Figure 2. The process
moves the state of the air from “inlet” to “outlet” along the wet-bulb line, which creates the assumption that no other methods of
heat transfer are affecting the airflow.
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Figure 2. Psychometric process of DEC.
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The methods of evaluating and predicting the performance of EC systems often exclude the layout of the EC system being
analyzed. The inclusion of stating the physical layout of the analyzed systems is imperative to fully define the characteristics of
each system. Furthermore, the equations to determine the efficiency of these systems vary among previous research efforts. This
creates inconsistencies in the continual improvement of the involvement of EC systems in various applications.

The performance evaluation of EC systems is determined by design parameters affecting the thermodynamic process. How the
evaluation process is described depends on the type of approach or model used, which is reviewed and presented in this

paper. There are many ways to characterize EC systems based on the components and conditions that make up the systems,
however there are limited resources that help to distinguish how these characteristics perform given the application. The ability to
model the operating conditions of each component of an EC system would provide insight into the design of the components
and layout of these systems. This review serves the purpose of providing a comparison of systems and applications with focus on
the models for media performance, as a means of defining characteristics of current research efforts on DEC systems.

THERMODYNAMIC ANALYSIS OF DEC SYSTEMS

The performance of a DEC system is determined by the ability to modify the thermodynamic properties of the air as it exits the

system. The measure of efficiency may be approached in different ways, therefore uniformity among presented results should be
considered based on the method of analysis of the system. In Table 1, the various equations used to determine the efficiency are
represented, along with the researchers that support the equation.

Property Equation Reference
Tintet=Toutlet 4,5,6,7,8,9,10, 11
P 1 Iy Wy Ty My Dy ’ el
Temperature 3 Tontor—Twh M 12, 13, 14, 15, 16, 17
Humidity Ratio =00 o QnleOowter ) 18,19
’ Awmaximum  @inlet—@maximum
COOLING
EFFICIENCY

Enthalpy & = _Moutet=Rinter &) 0

hwb,outlet—hintet

. hintet—houtlet—Tintet (Sintet —Soutlet)
Exergy £ = (O]

hintet=hwb,intet=Tinlet (Sintet=Swb,i)

Table 1. Efficiency equations and references.

As seen from Table 1, the most common method of determining the efficiency of a DEC is based on temperature. For this case,
the performance is better called effectiveness as it compares the inlet and outlet air dry-bulb temperatures with the maximum
possible change in air dry-bulb temperature, which is also called wet-bulb depression. This approach only considers the effects on
the airflow and does not state the quality of the supplied water to the system. As a result of this, for a specific airflow rate and air
inlet condition, the DEC system may perform inconsistently based on the inlet temperature of the water being supplied to the
system. The humidity ratio approach is less common throughout research. This may be due to methods of measuring humidity, as
well as its associated accuracy, in comparison to the simplicity of temperature measurements. The psychometric performance
evaluation of the system using the enthalpy approach considers temperature and humidity of the airflow for a more extensive
approach in determining the efficiency of the DEC system. The exergy approach, stated in the review by S. R. Pinar Mert Cuce et
all, follows the same ideology as the enthalpy approach, but adds an exergy destruction term. Exergy destruction is directly related
to the second law of thermodynamics and describes the system’s irreversible losses. This provides an added element of reliability
to the statement of the system’s operation and efficiency.

Coefficient of Performance

The coefficient of petrformance of a DEC thermodynamic process relates to the amount of cooling from the evaporative cooling
effect and the power used by the system, which is associated to the fan and water pump. For EC systems, the input energy to
system typically is associated to the pump work and the fan work; however, the standard form of the equation applies to all the
research included in this review, as seen in Equation 1.

Qce

COP = = Equation 1.

Y
For the COP equation, Q. . represents the effective heat exchange performed by the system and XW is the summation of all the

work inputs to the system. As can be noticed, the COP is a measure of the system performance and the effectiveness is a measure
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of the efficiency of the psychrometric process, which defines the cooling capacity. As expected, there was no difference in how
the COP was determined among authors.

Input Parameters

To determine a DEC system’s performance, the measured and controlled variables that describe the inlet conditions of the system
must be defined. The various subsystems of a DEC system can be divided into three main areas: airflow, water distribution, and
EC media. To accurately define the state of the airflow entering and exiting a DEC system, the psychometric properties and the
flow rate must be stated. As seen in Table 2, the defining factors used in research can be separated by the airflow’s input

variables.
Parameters Symbols Reference
Temperature, Humidity Ratio and Velocity Tintets @, Vintet 4,5,13,14,17, 18, 22
Temperature, Humidity Ratio, and .
Volumetric Flow Rate Tinteer @, Vintee 8,15
INPUT Temperature, Velocity, and Molar T 9. 11
PARAMETERS Concentration inlet Vinlet Ca,in ’
Temperature, Humidity Ratio, and Mass .
Flowaate ? Tintet» @, Mg 10, 12
Temperature, Humidity Ratio, Pressure, and
Specific Enthalpy Tinter» 0, P, hy 20
Table 2. Input parameters of DEC systems.
Water Distribution

The water distribution subsystem consists of many different components that impact the performance of a DEC system. This
includes the supply water, the pump, and the method of distributing the water. The defining qualities of the water as part of a
DEC system are the temperature and the mass flow rate. Although well know, the associated formula for pump work is given to
illustrate its consistent use among researchers and is shown in Equation 2.

_ QwpwHpg
Npump

w

In Equation 2, Q,, represents the volumetric flow rate of the water, p,, describes the water’s density, H,, is the total head, Npymp
is the total efficiency of the pump, and g is gravity.

EC Media Input Characteristics

The performance of the media used in DEC systems is also described by many different parameters which, as stated before,
creates a divide in how the DEC media is classified among researchers. Table 3 shows the vatious terminology and data used to
describe a material’s effectiveness.

Terminology Reference
Saturation Efficiency 22
Unity Wettability Factor 6
EFFECTIVENESS Cooling Capacity 8
Heat Transfer Coefficient 9
Mass Transfer Coefficient 9
Water Absorption Capacity 10

Table 3. Effectiveness of DEC media.

It should be stated that the differences in terminology of the effectiveness of EC media primarily stems from the goal of the
research. However, the various methods of describing the performance lack consistency and uniformity in the research reviewed.

EVAPORATIVE COOLING MEDIA

The main component of the DEC system is the media that defines the area of heat and mass transfer for the air flowing through
the media, resulting in a reduction in air temperature in conjunction with an increase in humidity. The evaporative media can be
broken down into certain controlled characteristics that impact a DEC system’s efficiency:

Equation 2.
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Each of these characteristics play a role in how the media performs based on the given application. Manipulation of these
characteristics can result in an increase in efficiency; however, the system may be penalized by an increase in undesirable qualities
such as pressure drop. The optimal arrangement of these variables can allow the system to achieve its purpose with minimal
negative qualities.

The DEC pad’s matetial and shape affect performance parameters such as saturation capacity and pressure drop. Losses in
efficiency are introduced in many ways, such as when the material is unable to saturate completely and requires a greater flow rate
to keep the contact surfaces moist. The shape and size of the material also introduces losses to the system by increasing the
pressure drop. Pressure drop decreases the overall efficiency of the system by requiring more power to achieve the desired rate of
airflow through the system. Of the four characteristics of DEC pads, the material has a great influence on the others due to
material constraints and manufacturing abilities. The materials found to be used in the literature reviewed for this study are further
analyzed and compared in the following section.

Material:

Evaporative cooling pads can be broken down into the three main categoties: rigid pads, fiber pads, and package/fill pads3. The
primary reason for experimentation with different materials or types of pads is to attempt to find materials with greater saturation
capacity, which correlates to heat and mass transfer to the airflow across the media.

Rigid Pads:

Rigid pads most commonly consist of a series of individual sections of material, which are formed to a specific shape to optimize
surface area and assembled with an adhesive of joining process that affect the materials pressure drop and air flow characteristics.
Figure 3 shows the relative geometric properties of this type of pad.

Figure 3. Geometric properties of rigid pads?!

A major benefit of rigid pads is the inherent ability to design shape profiles for a specific application. As the most used rigid
media currently being researched, CELdek has numerous studies on sizing systems based on airflow requirements. Figure 4
represents the performance of this type of rigid pad compating different thicknesses, over a wide range of flowrates.
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Figure 4. Saturation efficiency vs. pad thickness of Celdek DEC pads?

Figure 4 follows the curve fit equation represented in Equation 323, with input variables being the thickness, depth of the pad,
and the incoming air velocity.

e= 0792714 + 0.958569t — 0.25193v — 1.03215t2 + 0.0262659v2 Equation 3.
+0.914869(t * v) — 1.48241(v * t2) — 0.018992(v3 * t) + 1.13137(¢3 * v)
+0.0327622 (v3 * t2) — 0.145384(v?  t3)

Fiber Pads

Fiber pads primarily consist of organic or synthetic materials that are woven together and joined using an adhesive or a joining
process. These pads have attributes that can be controlled through the manufacturing process, such as thickness, cross-sectional
area and spacing of the fibers. This allows the designer to control characteristics such as the pad’s potential for saturation capacity,
pressure drop and airflow capacity. Common materials used in fiber pads include vegetable fibers, textile fibers or woven fabrics,
paper, wood, plastic, or stone3. A common fiber pad used in the industry is produced by AirCare and is shown in Figure 5.

Figure 5. Fiber pad produced by AirCare3"
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It should be noted that only one of the researchers included in this review generated a predictive model using this material as a
DEC media?.

Package/ Fill Pads

Package pads, otherwise known as fill pads, use less structured materials contained within a case to distribute the flow through the
media. The media used to fill the case usually consists of porous and inorganic materials, such as volcanic stones or expanded
clay. The casing material is constructed with plastic or metal mesh. This limits the restrictive qualities contained with most media
pads and allows flow through the structure depending on the type of media contained within the casing3. This type of pad lacks

manufactured options within the market and no researchers in this review provided predictive modeling using this specific type of
DEC media pad.

DIRECT EVAPORATIVE COOLING PAD MODELS

The implications of DEC systems are expanding as research continues and advancements in manufacturing capabilities increase.
The type of EC model used in each application has the potential to alter the determination on if the DEC system is a viable
enhancement or a detriment. The use of desiccant systems may be beneficial for systems utilizing rigid media pads, however, may
not have a significant effect on other types of media pads. Through a review of the many different applications of DEC systems
in current research, the progress of DEC in the future of HVAC and efficient heat exchange systems may be optimized.

As a starting point to discuss the models for analyzing DEC, the authors want to clarify that, when possible, the models were
classified as data-driven, engineering, or hybrid models. The data-driven models are those that use any type of statistical approach
such as regression analysis, artificial intelligence such as neural networks, or support vector machines among others. The
engineering models use physical principles describing the natural phenomena affecting system behavior. The hybrid or grey
models are a combination of the previous two, which are developed when the physical information of the system does not allow
defining the system completely and the parameters needed for a full description of the system are obtained by statistical analysis.
As for any model that is not developed from a pure analytical analysis, experimental data is needed for validation. In this sense, it
is important to consider the ANSI/ASHRAE Standard 133-2015 Method of Testing Direct Evaporative Air Coolers?* as a
reference when performing experiments. This is patticularly important regarding accuracy for air parameters such as temperatures,
air flow, water flow, and pressure drop.

Data Driven Models:

Data driven models are those formulated based strictly on experimental data obtained from physical testing. These models are
often dependent on the characteristics of the physical setup associated with the experiment, therefore should be carefully
considered when conducting further research.

The Engineering Reference? of the whole building energy simulation program EnergyPlus 26 uses a multi-variate least squares
curve fit to estimate the saturation efficiency (€)as a function pad face velocity (Asrvel) and pad thickness (Dep#h). The coefficients
of the third order quadratic curve fit shown in Equation 4 25 were obtained using data from the manufacturer of the CelDek rigid
media pad.

£ = 0.792714 + 0.958569(Depth) — 0.25193(Airvel) — 1.03215(Depth?) + 0.0262659(Airvel?)
+ 0.914869(Depth X Airvel) — 1.48241(Airvel X Depth?)
—0.018992(Airvel® x Depth) + 1.13137(Depth® X Airvel)
+ 0.0327622(Airvel® x Depth?) — 0.145384(Depth® x Airvel?)

Equation 4.

In the experimental process performed by M.C. Ndukwu et al.'7, a modeling equation was used which was based on physical data
for the different materials used in the experiment. The variables included in the model were inlet air temperature, wet bulb
temperature, relative humidity, mass flow rate of the air, and volume of the humidifier as shown in Equations 5-7. The output of
the equation is the outlet air temperature of the DEC system.

Jute Fiber: R? = 0.81
T, = Ty — [(Tap — To)(0.226 — 0.0094w + 2.55m, + 0.00203V})] Equation 5.
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Palm Fruit Mesocarp Fiber: R* = 0.78
T, = Tap — [(Typ — T,,)(0.182 4 0.0131w — 0.0546m, + 0.0016355Vy)] Equation 6.

Wood Charcoal: R* = 0.76
T, = Tap — [(Tep — Ty)(1.52 — 0.006288w — 1.7391, — 0.00912V})] Equation 7.

In a physical experiment performed by S.A. Nada et al.?0, heat and mass transfer characteristics of corrugated cellulose papers
were evaluated and modeled using data obtained from an experimental setup at Benha University (Egypt). Regressions were
formulated and documented with the associated error ranges associated. The formulas use the inlet air temperature, water
temperature, mass flow rate of the water, the evaporative pad thickness(3), Reynold’s number, and Prandtl’s number. The
equations for the outlet air temperature and the relative humidity are shown in Equations 8-9.

6 0.752 ¢ 1.275 mn —0.0313 5 —0.099
tq out(oc) = 21-2< _a'm) ( = ) ( — ) ( ) Re0133py0:33 Equation 8.
! ta,Ref tw,Ref My, Ref SRef
P 0.298 ¢ 0.405 " 0.145 s 0.16
R0 = 2001 (12 )™ (L )" L (5% om0
ta,Ref tw,Ref Mw,Ref 5Ref

Engineering Models
Throughout the research, the vast majority of engineering models were all validated by previously petrformed physical
experimentation. There was a lack of predictive modeling based on mathematical concepts alone.

Hybrid Models
In the research regarding parameters affecting direct and indirect evaporative cooling systems?’, the authors state that the data
corresponds to experiments conducted at BZU Multan (Pakistan) and references for the detailed information are given.

The surrogate model proposed by Hussain et al.?7 uses meteorological data (dry bulb temperature, dew point temperature, wet
bulb temperature, relative humidity, enthalpy, and humidity ratio) and system parameters (area and inlet velocity) as inputs to a
Gaussian process that feeds a neural network to predict system performance.

Research performed by Qi Zhang et al.!! describes a numerical model that is a tested and validated expansion of the physical
experimentation tested by Yan et al.28. The authors use computational geometry based on the EC media “CELdek 70607, which is
implemented with associated equations into a finite element software. The simulation follows logarithmic distribution laws for the
temperature layers of grid node layouts. A SIMPLE algorithm is used for the analysis and the turbulent model is consistent with a
turbulent kinetic energy(x) and dissipation rate(e) for the control volume and adjacent areas. It was reported that a 0.32°C error
differential was calculated between the physical and numerical models.

A performance analysis was performed by Xin Cui et al.? as a numerical validation of previous research performed by Xiangjie
Chen et al.?. The membrane-based DEC system was modeled in the COMSOL Multiphysics environment and solved by using
three physical models: the heat transfer mode, the laminar flow mode, and the transport of diluted species mode. The
temperature, concentration, and the velocity fields of the domain were solved simultaneously in the simulation.

Research on the application of hollow fiber membranes in EC systems was performed and modeled by Weichao Yan et al.32. As a
nontraditional form of evaporative cooling, the typical dimensions of the evaporative cooling media are replaced with descriptive
dimensions of the membrane being used in the experimental process. This creates additional input parameters to the predictive
modeling shown in outlet temperature and relative humidity Equations 10 - 11. The equations also have associated parameters
outlining the constraints of each element within the applicable range of modeling within the research paper. The parameters in
Equations 10 - 11 are temperature (1), telative humidity (RH), velocity (v), length (L), diameter (d), thickness (8), packing
fraction (@), and water — air ratio ().
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Tpue = —0.6204 + 0.612T;, + 7.049w;, + 1.922v — 1.660u — 13.094L + 10.830d; + 12.8885
— 51.065¢ + (0.476T;w;n) + (0.024T;,v) — (0.787T;¢) — (2.012w,v)
+ (13.787w;i, L) — (6.903w;pd;) + (71.092w,10) — (0.769vp) — (3.926vL)

uati 0.
+ (2.135vd,) + (8.263v8) — (16.638vg) — (12.490Ld;) — (50.080L8) + (83.675L¢) waden!
— (55.262d;¢) — (5.246w;,2) + (3.255u2) + (22.738L%) + (348.796¢%)(°C)
RH,,, = 0.415 + 0.008T,, + 1.518w;, — 0.2329v — 0.027u + 0.316L — 0.404d; — 5.1475 + 4.439¢
+ (0.062T}, * 6) — (0.201w;,, * v) — (1.155w;,, * L) + (0.188w;, * d;) + (3.983w;,, )
— (4.285w;,0) + (0.123vL) — (0.077vd;) + (0.601ve) + (0.372Ld;) — (2.038Lp) Equation 11.

+ (2.004d;9) — (0.0001T;,%) — (1.272w;,2) + (0.013v2) — (1.276L%) — (16.070¢?)

Research performed by M. Lata et al.3% outlines a finite difference method utilizing MATLAB. The heat and mass transfer
approach implements energy balance equations for the system. The system variables used in the simulation are mass flow of air,
mass flow of water, thickness and surface of cooling pad, and the inlet temperature conditions of both the air and water. The
mathematical model was validated using experimental data obtained by the authors in 2018 in Ahmedabad, Gujarat, India.

Physical Model Experimental Structure
The literature reviewed in this research is displayed in Table 4 by analyzing the application, in conjunction with the type of DEC
pad material, water delivery system, and the size of the media pad.

The idea of this section is to refer and briefly describe the different types/arrangements found as soutce of models. For example,
from the first set of papers:

MODEL

EVAPORATIVE MEDIA

WATER DELIVERY

MEDIA SIZE

Ground source direct
evaporative cooling’

Not Stated

Pulverized nozzles

Not Stated

Evaporative cooling with
pre-dehumidification with
activated carbon fiber?

GLASdek7090

Spray nozzles

500 mm X 400 mm X 300 mm

Evaporative cooling with
post-dehumidification
Aluminophosphate
zeolite'®

Cellulose coated with AlPo zeolite
desiccant

Spray nozzle

200 mm x 200 mm x 198 mm

Regenerative Evaporative Kraft Paper Not stated 1200mm x 80mm x 5 mm gap
cooling® thickness

Various Cross-Sectional Aluminum Perforated distribution tube/pipe 700mm x 700mm x 200mm
Metal Sheet Shapes??

Desiccant assisted cooling | Wood Chips, Yellow Stone, Pumice, Spray Nozzle 240mm Diameter x 50mm
systems!’ Eucalyptus Fibers, Vermiculite

Peformance Enhancement
of DE builidng?

Corrugated Cellulose Fibers, “bechive”
structure

Steel pipe with evenly spaced holes

335mm x 390mm x (35,70,105,140)
mm

Numerical Simulation!

CELdek7060

Distribution Pipe

300mm x 200mm x 28mm

Table 4. Models of DEC systems.

DISCUSSION & CONCLUSION

The purpose of this research was to review the performance models of DEC systems. The review of this material allows for the
methodology of each researcher to be compared based on similarities and differences. The defining characteristics of the DEC
systems, the setups and types of media, and methodology of model generation all impact the cohesiveness of research efforts. As
discussed, the equations defining cooling efficiency as well as the input parameters used in various literature lack consistency,
which limits the amount of comparable data for the different processes. The approach taken by researchers, as stated in the
literature, was to describe processes in a manner that was deemed suitable per given application, which resulted in widespread
variance. The “hybrid” direct evaporative cooling pad models outnumbered the amount of solely data driven models and
engineering models. This states that the majority of researchers use experimental data to either validate the performance models
or aid in the derivation of a mathematical model. Throughout the reviewed literature, there are numerous researchers testing
various DEC topologies and media, however none of them provided modeling for performance based on the described
parameters. This study shows the need of the search of general accepted method for development of models for DEC systems,
which prevalence is toward hybrid models.
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Nomenclature e Effectiveness
cOP Coefficient of Performance 0 Density
DEC Direct Evaporative Cooling h Enthalpy
EC Evaporative Cooler I/[/p Pump Work
T Temperature (°C) Wf Fan Work
P Pressure
RH Relative Humidity wb Wet bulb

pa Specific Heat of Air
m Mass Flow Rate
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PRESS SUMMARY

This study reviews current literature on direct evaporative cooling and how predictive modeling is derived. The thermodynamics
properties, evaporative cooling media, and types of models discussed aim to provide insight in future research efforts as to the
most common and effective practices. Consistency among research allows for advancements in evaporative cooling technologies
at a much faster rate.
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