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ABSTRACT

Hilda Raeef Hatoum  for Master of Engineering
Major: Mechanical Engineering

Title: Desiccant dehumidification and evaporative cooling conditioning of canopy shaded
space for improved outdoor thermal comfort in hot humid climates

Climate change and increased urbanization are resulting in elevated outdoor ambient
temperatures. When combined with high humidity levels and intense solar radiation in
outdoor spaces, a major deterioration in outdoor thermal comfort (OTC) is happening.
This study proposes a novel strategy to enhance OTC in hot and humid climates by
integrating sustainable technologies, such as desiccant dehumidification and evaporative
cooling, which can operate on solar energy. These technologies are used to condition hot,
humid ambient air and supply it as cool, dry air under a shaded canopy, providing
localized thermal comfort in semi-outdoor settings for a seated individual. A
computational fluid dynamics (CFD) model, validated experimentally, was created to
study the interaction between cold, dry jets of varying temperatures, humidity, and flow
rates with the existing ambient air. This model was used to assess improvements in
thermal comfort through a thermal comfort assessment tool, the universal thermal
climatic index (UTCI). To design and size the air conditioning system, mathematical
models for the dehumidification and evaporative cooling processes were implemented.
Regeneration energy requirements for system operation at different supply and ambient
conditions were calculated. Then, ANN was combined with GA to optimize the operation
of the system in terms of energy consumption. To make the study more comprehensive,
a case study was conducted to assess the impact of supply angle on OTC under the
canopy. Results showed that the proposed system effectively reduced temperature and
humidity levels and enhanced airflow under the canopy across all ambient conditions
studied, thereby lowering UTCI by up to 6.3 °C. This reduction in UTCI led to decreases
in heat stress, shifting conditions from "very strong" and "strong" to "moderate™ and,
under certain supply conditions, even to "no thermal stress”. The implemented
optimization allows for achieving the lowest possible heat stress levels for all ambient
combinations at optimal thermal energy requirement where the reduction in thermal
energy required for operation reached a maximum of almost 67%.
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CHAPTER |

INTRODUCTION

Access to outdoor spaces is essential for promoting human well-being , providing
opportunities for physical activity and psychological restoration [1]. Elevated air
temperatures caused by climate change and increased urbanization are compromising the
thermal comfort of outdoor environments [2]. This has adverse implications on health,
economy, and environment. From a human health perspective, aside from significant
disruptions in sleep and work activities [3], scientific literature clearly indicates that
elevated temperatures beyond certain thresholds during extreme weather events are
correlated with increased heat-related mortality and morbidity, particularly among
vulnerable populations [4]. From an economic perspective, increased outdoor
temperature can result in substantial decrease in customers for businesses reliant on
outdoor spaces, like open-air restaurants [5], and can impede both domestic and
international tourism [6]. As for the impacts on environment, raising outdoor
temperatures prompt greater utilization of indoor climate-controlled environments,
thereby escalating greenhouse gas emissions associated with these systems [2, 7]. To
maximize the economic, health, and environmental benefits of outdoor spaces, recent
efforts have focused on improving their quality. Outdoor thermal comfort (OTC) is
crucial in this enhancement, with intense solar radiation, high air temperatures, and
humidity identified as key factors contributing to discomfort in hot outdoor environments
[2, 8-11]. Mitigating these factors is crucial for improving OTC and, consequently, the

overall quality of outdoor spaces.
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To enhance OTC in hot climates, effective strategies should address the primary
sources of discomfort: intense solar radiation, high air temperatures, and elevated
humidity levels. Researchers are actively working in these areas. For instance, shading
interventions like artificial canopies are effectively used to reduce direct sunlight
exposure. Wei et al. identified artificial canopies as a favored option for enhancing
thermal comfort[12, 13]. Acero et al. demonstrated improved OTC in semi-outdoor
microclimates that reduced solar radiation in tropical Singapore, lowering air temperature
by an average of 2 °C [14]. Elgheznawy et al. investigated sun sail-shading in Egypt hot
and humid summer and found that shading 60% of the total courtyard area or more in the
school substantially reduced air and mean radiant temperatures, enhancing OTC.
Nevertheless, even full shading still resulted in moderate heat stress [15]. It is clear that
in hot climates shading is insufficient and outdoor air-conditioning has been recently
introduced.

In Qatar open stadiums, for instance, in response to the highly uncomfortable
outdoor thermal environment, outdoor air-conditioning systems were installed to provide
acceptable OTC to players and spectators [16]. These cooling units that rely on
conventional mechanical cooling alleviate heat stress and facilitate outdoor activities but
they are very energy intensive [17]. Khalid et al. implemented mechanical cooling-based
dehumidification of the ambient air in the extremely hot and humid climate of Jeddah to
enhance the outdoor thermal environment. The suggested system was able to reduce the
temperature and humidity from 42 °C to 24 °C and from 80 % to 50 % respectively.
However, this was on the expense of huge cost and installation area which accounts for
40% of the conditioned area [18]. An alternative approach for heat mitigation, notable for

its low energy consumption, is evaporative cooling. Dhariwal et al. evaluated the
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effectiveness of outdoor direct evaporative cooling in a hot, arid climate of United Arab
Emirates. They demonstrated that evaporative cooling could significantly reduce outdoor
heat stress levels, lowering them from very high into moderate [19]. The combination of
artificial shading and mist cooling has also been studied in the literature. Zhang et al.
conducted a field study to investigate the impact of a mist cooling system installed within
a bus station in a hot and moderately humid climate of China with temperature of 34.4 °C
and relative humidity of 54 %. Their observations indicated an enhancement in thermal
comfort, transitioning from a state of “slight discomfort” to a condition of “slight
comfort” [20]. Although the use of mist evaporative cooling in shaded outdoor areas has
been shown to improve OTC and alleviate heat stress in dry and moderately humid
climates, its effectiveness decreases in highly humid climates [21-23]. This limitation
results in suboptimal OTC, particularly when the external thermal conditions trigger a
sweating thermoregulatory response [24]. In such case, both air-cooling through water
evaporation and body sweat evaporation are inefficient to bring acceptable OTC.
Consequently, it is essential to investigate alternative sustainable strategies aimed at
enhancing OTC under hot humid conditions. The OTC is typically evaluated based on the
Universal Thermal Climate Index (UTCI) [25]. UTCI computes an equivalent
temperature, based on human thermal response to climatic conditions, mainly the
temperature, humidity and wind [26].

Considering the inadequacy of evaporative cooling methods in attaining
sustainable OTC in hot and humid conditions, other means can be sought. One alternative
is to sustainably generate dry and cool air of desired cool temperatures and low humidity
that can be directed under a shaded semi-outdoor environment on a seated individual.

This entails prior treatment of the humid ambient air through a dehumidification process
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before subjecting it to evaporative cooling. To get the full potential of cooling the
dehumidified air, an in duct indirect evaporative cooling process can take place to
generate a supply stream of dry cool jet to the seated individual spot. To the authors’
knowledge, literature has not tackled the heat and mass interactions taking place between
a jet of dehumidified and cooled air and the surrounding humid climatic conditions and
their impact on the microclimate air around the occupants and the associated OTC while
seated in outdoor or semi-outdoor settings. For such a system to work, there is a need to
identify supply conditions of the cool and dry jet that can provide acceptable OTC while
relying on low-cost dehumidification methods.

Emerging solid desiccant dehumidification technologies present a sustainable
approach to air dehumidification, requiring minimal dependence on electrical power for
fan and motor operations, as the core dehumidification process is driven by thermal
energy. These systems involve two separate air streams: one for dehumidifying incoming
air by adsorbing moisture into a desiccant material, and another where the desiccant,
which has adsorbed water, releases its moisture content during a regeneration process
when heat, from low-grade and sustainable thermal energy sources like solar energy, is
applied [27]. However, post adsorption, the dehumidified air temperature increases
considerably above ambient temperatures that are already high in hot climates, due to heat
of sorption, hence effective sustainable induct evaporative cooling is required to bring the
air to the required low temperatures. Dewpoint indirect evaporative cooling (DIEC), can
bring air temperature down to the dewpoint [28, 29]. Extensive research has been
conducted on the integration of desiccant dehumidification with indirect evaporative
cooling (IEC) for indoor applications, demonstrating high effectiveness in hot humid

conditions [30-32]. Authors are not aware of prior studies investigating the effectiveness
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of the combined solid desiccant dehumidification wheel followed by induct DIEC in
humid outdoor settings to enhance OTC by delivering dry cool jet of air directly to the
seated human.

In this work, a novel sustainable method to improve the OTC in hot-humid
climates is proposed. This method entails studying the interaction of supplied cooled and
dried air with the hot-humid ambient air under an artificial canopy and examines how this
interaction influences the microclimate conditions and associated OTC in a targeted
region referred to as the "conditioned spot,” where an individual is seated while ensuring
that relatively uniform microenvironment without significant thermal asymmetry in this
region. The proposed system dehumidifies ambient air by solid desiccant wheels, cools it
sensibly by heat exchange with ambient to reach near ambient temperature, and then cools
the exiting dry air through DIEC. The system can be powered by renewable energy
sources. The aim of the work is to identify the operating conditions of supply air which
ensure enhanced OTC for a seated occupant at different ambient conditions and at low
and uniform ambient wind while ensuring minimal energy consumption and then design
the system that is capable of ensuring those operating conditions. Establishing core
understanding about the behaviour of cold dry jet and its effect on thermal comfort in
quiescent semi-outdoor conditions — where wind and solar radiation are controlled - is
necessary before consideration of real-life application. This is typical in literature where
development of controlled experiments for understanding of the core principles precedes
the application of technology in real-world settings [33, 34]. Complexities arise in
accurately directing air jet with appropriate design and flow conditions to the intended
location for conditioning, while ensuring that enhanced OTC is achieved using the least

resources of energy. Hence, this investigation has the following specific objectives:
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)} Understanding and examining the interaction of cool dry jet with the hot
humid climatic conditions and assessing the resulting air flow, thermal, water vapor
concentration fields for different operational air supply conditions and climatic conditions
in the occupied region.

i) Determining the supply conditions and the required degree of
dehumidification and evaporative cooling that achieve enhanced OTC for different
ambient temperature (T,,p) and ambient relative humidity (RH,,,). The OTC is
assessed based on the change in UTCI [25]. This indicator has been adopted by many
researchers [35].

iii) Establish recommendation for system design and operational parameters
of the conditioning system for diverse climate conditions based on energy consumption

optimization.

To achieve the above objectives, the study utilizes mathematical models for
desiccant dehumidification, heat exchange, and evaporative cooling. It also uses
computational fluid dynamics (CFD) to solve mass, momentum, and energy equations to
predict the flow, temperature and water vapor concentration fields under the canopy. The
CFD model predictions are validated experimentally in a climatic chamber-controlled
experiments representing quiescent semi-outdoor conditions comparing values with
measured ones especially in the vicinity of the targeted spot of the dry cool jet.
Simulations are performed at different combinations of supply and ambient conditions to
analyse interaction of supply airflow, temperature and humidity with climatic ambient
variables under the artificial canopy and incorporate an outdoor thermal comfort
assessment tool. ANNs are then implemented to develop correlations between ambient

and supply parameters and performance parameters, including the thermal comfort
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assessment tool and energy consumption with operational parameters. A GA algorithm is
then utilized to optimize energy consumption without compromising thermal comfort.
The generated microclimate conditions around the human as a result of the supply jet
interaction with ambient conditions are not known for this application. Hence, the main
contribution of the present study is to determine if such interaction can provide acceptable
local OTC in the “conditioned spot” beyond current limits of ambient conditions when
using evaporative cooling with dehumidification by assessing average thermal conditions
in this microclimate. The work evaluates how the thermal microclimate and OTC are
affected by this interaction to guide the design of a sustainable air dehumidification and
cooling system that can create enhanced OTC for a seated human at optimal energy
consumption. Thus, a pathway is established towards the creation of sustainable and

comfortable outdoor settings in hot and humid climates.
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CHAPTER II

SYSTEM DESCRIPTION

This study proposes an integrated system combining a dehumidifier with an
evaporative cooler to enable spot cooling in hot and humid environments. The system
operates under an artificial canopy shielding individuals from direct solar radiation and
thereby mitigating the three main sources of heat stress and thermal discomfort in such
environments: intense solar radiation, high air temperatures, and elevated humidity levels.

Figure 1 (a) illustrates the proposed outdoor conditioning system with evaporative
cooling system integrated into an artificial canopy structure presented in Figure 1 (b) and
the dehumidification and heat exchange systems located away from the canopy for
enhanced vibration control, reduced structural load and enhanced maintenance access.
Ambient air is drawn into the system through two separate channels. As presented in
Figure 1 (a), the lower channel directs ambient air at (1) through a rotary desiccant
dehumidification system (DDS), where moisture is adsorbed, and air is released at (2)
with lower humidity level and increased temperature. Post-adsorption, the air, heated
during the process, is sensibly cooled with ambient air by a heat exchanger (HX) to be
released at (3) with same humidity content and lower temperature. In extreme ambient
conditions, due to the high latent load, another dehumidification stage might be needed.
In this case, the air exiting the first dehumidification stage is cooled down by a heat
exchanger and then enters the second dehumidification stage at (3) composed of a
desiccant wheel and heat exchanger. In case the latent load can be removed by one

desiccant wheel, the air exists the first heat exchanger and bypass the second desiccant
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wheel and heat exchanger to be released at (5). This air at reduced moisture and restored
to near-ambient temperature enters a dew-point indirect evaporative cooling (DIEC)
system at (5), where the temperature is further reduced without increasing humidity. The
final air stream that is cool and dry exits at (6) and is then supplied as a jet towards seated
occupant under the canopy as shown by Figure 1 (b) for providing the targeted spot
cooling. The upper channel is dedicated to desiccant regeneration, where ambient air is
drawn at (a), heated to reach the required regeneration temperature to be released at (b).
It is then used in regenerating the desiccant wheel after which it is discharged to the
environment at (c). This channel is separated by thermal insulation from the
dehumidification channel. The systems are arranged to allow direct connection, with the
DDS output serving as the HX input, and the HX output feeding into the DIEC system.
Assessing the feasibility of the system involves determining the necessary supply
airflow (Qs,;) and temperature (Ts,,,) to achieve minimal heat stress and acceptable
thermal comfort for users. Given that these conditions vary with different ambient
scenarios, the system must be studied under a wide range of environmental conditions.
Hence, the proposed system is evaluated under hot humid conditions where the T,,,; and
RH ), range from 28 °C to 40 °C and 60% to 85%, respectively. The canopy used in the
study has a typical height of 2.8 meters, with circular air supplies of 35 cm diameter and

titled 30° from the horizontal to create a conditioned spot underneath the canopy.
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Figure 1: Diagram presenting (a) the proposed outdoor conditioning system with DIEC
integrated into an (b) artificial canopy structure and dehumidification and regeneration
systems located near the canopy.

Ultimately, recommendations for system design and operational parameters are
determined for given climate conditions. To predict thermal comfort levels, it is critical
to predict the microclimate thermal conditions in the immediate vicinity of seated
individuals. Nonetheless, predicting these conditions under the effect of the proposed
system poses significant challenges, due to the complex interactions between the cool and

dehumidified air jet and the surrounding outdoor, open, hot, and humid environment. To

achieve this, mathematical models for the system components are employed and coupled
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to simulate the entire system. Then, the detailed flow, temperature and humidity
distribution around the seated person in the confined region semi-outdoor domain are
predicted using CFD simulations. This is followed by evaluation of OTC using the UTCI
metric [36]. The approach used to study the proposed system aims to ensure a
comprehensive assessment, encompassing all aspects of its design (including the sizing
of individual subsystems), the required operating conditions, required resources (e.g.,
thermal energy for DDS regeneration), and its feasibility in providing thermal comfort in
different climates. The UTCI levels are then correlated to supply conditions operating
under any ambient conditions that fall within the range of studied ambient and supply

conditions.
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CHAPTER 111

METHODOLOGY

This section comprises five parts. The first part details the CFD model
implemented to predict the effect of supplying cold dry air on the thermal conditions
under the canopy after interacting with the hot humid ambient. The second part introduces
the mathematical models for the individual components of the conditioning system and
the design methodology followed in system sizing and determination of operational
conditions for each ambient condition. The third part describes the performance
assessment metric and operational resources in terms of energy consumptions (E;yns)-
The fourth part details the performance optimization methods that include artificial neural
network (ANN) for system performance prediction and genetic algorithm (GA) for
minimizing E.,,s While maintaining thermal comfort. The fifth part describes the

experiments conducted to validate the predictions of the CFD model.

A. CFD model for predicting air conditions under canopy

ANSYS Fluent 2023 R2 [37] is used to create a CFD model simulating the
complex environment under the canopy which involves the interaction taking place
between the supplied conditioned air and the pre-existing ambient air in addition to
buoyancy-driven flows. The computational domain created for this purpose is shown in
Figure 2 (a). It replicates the canopy and surrounding outdoor ambient space considered
in this study. It includes a 4 m x 4 m canopy located at the middle of a larger domain of
15 by 10 meters to minimize the influence of boundary conditions on the target area. It is

also to avoid unrealistic pressure gradients, which can distort results if boundaries are set
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too close to the area of interest. Similar domain dimensions are implemented in literature
in studying spray cooling system in semi-outdoor [38]. The domain is meshed properly
in “Fluent meshing” using mosaic poly-hex core cells as shown by Figure 2 (b). The
meshed domain is composed of 2,698,527 cells with minimum cell size of 1 cm and
maximum cell size of 5 cm. 16 inflation layers are added to accurately capture the thermal
boundary layer and predict the flow behavior near wall boundaries while keeping the
dimensionless y+ value below 5 [39]. The quality of the mesh is assessed based on
orthogonal quality and skewness metrics where the minimum orthogonal quality is 0.15
and maximum skewness is 0.849, both of which fall within the recommended ranges by
ANSYS [40]. A mesh independence study was conducted, comparing the current mesh
(5cm maximum cell size, 2,698,527 elements) with a finer mesh (2.5cm maximum cell
size, 10,076,109 elements), and demonstrated negligible differences (<2%) in key
variables within the seated zone, confirming the adequacy of the present mesh resolution.

The simulations employed Reynolds-Average Navier-Stokes (RANS) method to
solve for the mean flow while turbulence is modeled by RNG- k- € model with enhanced
wall treatment. The Boussinesq approximation is used due to the limited temperature
difference in the domain to account for buoyancy driven flows in the domain [41, 42].
The momentum, energy, pressure velocity coupling, turbulent kinetic energy, and
dissipation rate equations are solved. Since humidity is one of the major factors
considered in this study that affects thermal comfort, water vapor is modeled as species
and the species transport model is used to solve for the mass fraction of water vapor in
air. The pressure-velocity coupling is solved using PRESTO! scheme which accounts for
the pressure gradients near the boundaries. As for the momentum, turbulent Kinetic

energy, turbulent dissipation rate, species including H>O and O, and energy equations,
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they are discretized using second order upwind scheme. Numerical convergence is
achieved when the scaled residuals are 107 for continuity, 10 for energy and 10 for k,
g, H,0 and 0,.

Proper selection of the boundary conditions is essential to capture the interaction
between cold dry and hot humid air. The boundary conditions for each element in the
domain are presented in Table 1 and Figure 2 (a). Since the focus is on the supply jet
interaction with ambient air away from the boundaries, the ambient wind is assumed
insignificant given the size of the targeted area away from the canopy boundaries and the
consideration of the use of such canopies in urban settings in hot and humid climate where
low wind speed is a common occurrence, where airflow is generally limited [43]. Hence,
two velocity inlets boundary conditions are implemented. The first one represents the
uniform wind of very low magnitude of 0.1 m/s at the downstream of the domain with
temperature equal to the ambient temperature in the case under study and species
concentration corresponding to the mass fraction of H2O at T,,,,;, and RH ,,,;,. The second
one represents the jet velocity inlet with magnitude varying from 1 m/s to 2 m/s and
temperature varying between 22 °C and 24 °C depending on the supply conditions studied
and species concentration corresponding to the mass fraction of H2O at T, and RH .
The left and right sides of the domain are modelled as pressure outlet boundary condition
with temperature equal to the ambient temperature in the case under study and species
concentration corresponding to the mass fraction of H20 at T;,,,, and RH,,,;,- The ceiling
of the domain excluding the canopy is modelled as symmetry boundary condition.
Regarding the ground and canopy, they are modelled as wall with no slip conditions and
assumed adiabatic with zero flux across them as done in [38], although the validity of this

assumption is later checked. This was done by conducting a CFD simulation of the exact
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domain while accounting for the solar radiation by modelling the canopy as a wall with

near ambient air temperature is equal to the sol-air temperature and the ground was

modelled as wall of temperature calculated from the energy balance equation. This

simulation resulted in insignificant difference of 0.1 °C in the UTCI value.

Pressure Outlet

Plane 3

4

(b)

Figure 2 Isometric view of the computational domain with (a) boundary

right sige

conditions and (b) corresponding mesh

Table 1: Boundary conditions for the com

putational domain

Domain Boundary Thermal Momentum Species
components condition type boundary boundary condition
condition
Canopy Wall Adiabatic No slip -
Ground Wall Adiabatic No slip -
Left and right Pressure outlets T = Tump Gauge pressure of 0 Mass fraction of
sides Pa HO at T,,, and
RHamb
Upstream Velocity inlet T =Tump velocity magnitude Mass fraction of
of 0.1 m/s H,O at T,,, and
RHamb
Jet velocity inlet  Velocity inlet T =Tsy velocity magnitude Mass fraction of
ranging from 1 m/sto  H,O at Toup and
2 m/s R Hsup
Downstream Outflow - - -
Top air * Symmetry - - -

* Ceiling of the domain excluding the canopy
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B. Mathematical models of system components and system sizing method

1. Dewpoint indirect evaporative cooling

The Dew Point Indirect Evaporative Cooler (DIEC) model utilizes a validated
regression-based framework developed by Pakari et al. [44], derived from a numerical
heat and mass transfer model. This model simulates a DIEC system comprising
alternating dry and wet channels. Specifically, it predicts the dry channel outlet air
temperature and relative humidity based on the following input parameters: dry and wet
channel geometric specifications (width, length, and channel spacing), inlet air
temperature and relative humidity to the dry channel, the extraction ratio (X) (the ratio of
air mass flow rate through the wet channels to the total air mass flow rate), and the dry
channel inlet airflow velocity.

The underlying numerical heat and mass transfer model, upon which the DIEC
regression model is based, solves the coupled energy balance equations between the
channel wall and the air within both the wet and dry channels, along with the mass transfer
equations governing the evaporative process in the wet channels. The model is based on
the following assumptions: (i) adiabatic boundary conditions; (ii) steady-state operation;
(iii) incompressible, laminar flow (Re < 2300) with fully developed velocity profiles; (iv)
uniform mass flow distribution across channels; (v) negligible temperature gradients
perpendicular to the flow direction (1D formulation); and (vi) thermal equilibrium
between the water film and the wall under the thin stagnant film approximation. The
convective heat transfer coefficient is determined using the dimensionless Nusselt

number (Nu). For fully developed laminar flow in the rectangular dry channels (aspect
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ratio a = 3/2), the Nusselt number is prescribed as Nud= 2.8 [45] under constant wall
temperature conditions. For the wet channels, Nuw = 4 is assumed considering a parallel-
plate flow [46]. The mass transfer coefficient is derived from the heat-mass transfer
analogy, utilizing the Lewis number to calculate the dimensionless Sherwood number.
This validated numerical heat and mass transfer model [44] forms the basis of the
employed regression model. The regression model, trained using data generated from the
detailed numerical simulations, establishes the functional relationship between these
input parameters and the resulting outlet air conditions.

The applicability range of the employed model includes channel length between
0.625 m and 1 m, channel width between 2 mm and 4.25 mm, airflow velocity in the dry
channel between 0.75 m/s and 4 m/s, and an extraction ratio between 0.15 and 0.4125

[44].

2. Rotary desiccant dehumidifier

The rotary desiccant dehumidifier model employs a validated regression-based
framework developed by Nia et al. [47], derived from a numerical heat and mass transfer
model. This model simulates a rotary desiccant system comprising a silica gel-based
cylindrical wheel with a 20 cm diameter. The wheel internal structure features a
honeycomb arrangement with hexagonal elements, each having a wall thickness of 0.2
mm and an opening area of 3.2 mm x 1.8 mm (resulting in a hydraulic diameter of 2.33 x
10-3 m). The model predicts the outlet air conditions (temperature and humidity ratio)
based on the following input parameters: desiccant wheel geometry (diameter, channel

dimensions), inlet air temperature and humidity ratio, regeneration air temperature and
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humidity ratio, airflow rates for both process and regeneration air streams, and the
rotational speed of the wheel.

The numerical heat and mass transfer model, which forms the basis of the rotary
desiccant dehumidifier regression model, solves the coupled energy and mass balance
equations within the desiccant wheel, considering both the dehumidification and
regeneration sections. The wheel is discretized into a number of equal, step-wise elements
or channels. For each discrete element, the energy and mass conservation equations are
formulated based on the mass and energy balances at the interface between the channel
walls and the air flowing through the channel in both the dehumidification and
regeneration sections. The employed model is based on several assumptions: one-
dimensional heat and mass transfer (negligible axial heat conduction and water vapor
diffusion in the air; negligible axial molecular diffusion within the desiccant); adiabatic
and impermeable channels; constant mass and heat transfer coefficients; regeneration and
adsorption air streams are in a counter-flow arrangement; and negligible hysteresis in the
sorption isotherm. The regression model, trained using data generated from the detailed
numerical simulations, establishes the functional relationship between these input
parameters and the resulting outlet air conditions. The convective heat transfer coefficient
is calculated using a correlation for forced convection for internal flows. Based on the
calculated Reynolds number, the flow regime was determined to be laminar.
Consequently, for this flow regime and considering the hexagonal channel geometry, a
Nu of 3.66 for isothermal wall temperature was employed [48]. This value, along with
the air thermal conductivity, was used to calculate the convective heat transfer coefficient,
resulting in a value of 43.8 W/m2K. The mass transfer coefficient is derived from the

heat-mass transfer analogy, using the Lewis number (assumed to be 1 for the air stream)
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to calculate the dimensionless Sh number. Other studies have also followed similar
methodology in calculating heat and mass transfer coefficients in desiccant systems [49].
The regression model, trained using data generated from the detailed numerical
simulations, establishes the functional relationship between these input parameters and
the resulting outlet air conditions [47].

The model applicability range encompasses dehumidification air temperatures
between 13.2°C and 40°C, dehumidification air humidity ratios starting at 5.5 g/kg(da),
dehumidification air velocities between 1.2 m/s and 4 m/s, regeneration air temperatures

between 36°C and 90°C, and wheel rotational speeds between 6 Rph and 20 Rph [47].

3. Heat exchanger

The heat exchanger implemented in this study is a cross-flow heat exchanger.
Simple modeling was adopted where Equation (1) was implemented, with inputs
corresponding to the inlet air temperature of the heat exchanger (Tyyx i), Which is
equivalent to the air temperature exiting the desiccant wheel, T,,,;, representing the
temperature of cooling air stream, and a HX efficiency (nyx) of almost 90% as similar
efficiencies are adopted in literature [50-52]. The model outputs the air temperature at the
heat exchanger outlet (T, x ,.¢)- Regarding the humidity ratio of the air post heat exchange
process, it was approximated to remain unchanged from its value at the heat exchanger

inlet assuming sensible cooling heat exchanger [50].

Tux out = Tux,in — UHX(THX,in - Tamb) (1)
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4. System sizing and operational conditions

Since the effect of the supplied cold and dry air on OTC in the targeted spot is
highly dependent on the ambient and supply conditions, this study considered 12 ambient
conditions with T, varying from 28 °C to 34 °C and RH ,,,,;, varying from 60% to 85%
to cover diverse combinations of ambient and supply conditions. For each ambient
condition considered, 6 combinations of supply conditions were assessed where Ty,,,, was
either 22 °C or 24 °C, Qg,,, Was either 100 L/s or 150 L/s or 200 L/s, and supply relative
humidity (RHj,,,) matched the relative humidity of the ambient condition (60%, 75%,
85%). Hence, 72 combinations were studied; they are presented in Table 2.

To design a system capable of supplying cold dry air with the conditions
mentioned above, the models of DIEC and the DDS presented in sections 3.3.1 and 3.3.2
respectively were used. A MATLAB code combining models for the subsystems was
developed. The sizing was done based on the worst ambient conditions that corresponded
to the highest T,,,;, and RH,;,;, (34 °C, 85%). The geometrical parameters that were fixed
were the desiccant material thickness, length of (1 m) and width of (2 mm) for the DIEC
channels. Moreover, the desiccant wheel rotational speed was fixed at 20 RPH. The
following operational parameters were controlled to achieve the required Tg,,,, and RHg,,,
the regeneration temperature (T;..,), velocity of the air in the dry channels of the DIEC,
and the extraction ratio.

At each ambient condition, operational parameters were determined following the
methodology presented in the flowchart of Figure 3. The first dehumidification stage was
checked if sufficient to achieve required supply conditions. As described in Figure 3, the

process started with low T,,, (minimum of 45 °C) assuming only the first

dehumidification stage was operated. At this T,.. 4, the combination of extraction ratio and
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air flow velocity in dry channels of DIEC were specified to achieve the required T,,,, and
RHgy,. If at the chosen T,..4, there was no combination of extraction ratio and dry air
velocity that could meet the design criteria for the ambient condition under study, the 7.,
was incremented by 5 °C. This process was repeated until the design criteria was met
while keeping T4 below 65°C. If meeting the design criteria required a Ty, Of the first

desiccant wheel to exceed 65°C, the second dehumidification stage was operated. In this
case, the minimal T,.., was started with for desiccant wheel 1 and 2. Then the combination
of extraction ratio and dry air velocity was found such that it achieves design criteria. If
the design criteria were not met, the T, of the second wheel was incremented until target
design parameters are met. That way, the T,.., for all ambient cases was ensured to be in
the range from 45 °C to 65 °C. A summary of the design and operational parameters of
all combinations is presented Table A.1, A.2, A.3, and A.4. Regarding Q. it could be

controlled by changing the size of the duct distribution system exit. This can be achieved
by a programmed valve that opens and closes to achieve the required flow rate for each

ambient state.
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Table 2: All combinations of ambient and supply conditions to be studied

Tamp (°C) RHgump(%) | Tsup(°C) | RHsyp | Qsup(L/s)

(%)

22 85 100

85 150

RHgpmp 85 200

=8% 1 85 100

85 150

85 200

22 75 100

Tomp = 34°C, 32°C, 30°C. 28°C 75 150

RHgmp 75 200

=% 75 100

75 150

75 200

22 60 100

60 150

RHgpmp 60 200

= o0% o, 60 100

60 150

60 200

C. System performance and operational resources assessment

To assess the performance of dry cool jet in enhancing OTC, UTCI was evaluated
where it represents an equivalent temperature of a standard reference environment that
results in the same physiological response as the actual outdoor environment. The

reference environment is characterized by a wind speed of 0.5 m/s at 10 m from the
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ground level, mean radiant temperature (T,,,+) equals to Typmp, RHgmp=50% for (Tgmp <
29°C) and vapor pressure (P,,p) = 20 hPa for with a person walking and having a fixed
rate of metabolic heat production is 2.3 MET (135 W/m?)) [25].

The mathematical model chosen for this index was adopted from Brode et al. [25]
who presented a 6th order polynomial regression that correlates UTCI t0 Tynp, Tt
P,mp and ambient air velocity v,,,,,. Their equation was input as expression in the CFD
model Post Processing to obtain the UTCI field in the domain of simulation. Heat stress
was then obtained, where a UTCI between 9 °C and 26 °C indicates “no thermal stress”,
between 26 °C and 32 °C indicates “moderate heat stress”, between 32 °C and 38 °C
indicates “strong heat stress”, and between 38 °C and 42 °C indicates “very strong heat
stress” [53]. A quantitative comparison was implemented to compare the performance of
diverse cool dry air supplies for each ambient condition studied. Cylindrical point clouds
of 60 cm diameter located at the center of the canopy, representing area occupied by
seated human and uniformly distributed between altitudes of 0.5 and 1.1 meters above
ground as shown by Figure 4, were used to evaluate the average UTCI and thermal
conditions.

To quantify the energy consumption of the system under various ambient and
supply conditions, only the thermal energy required for desiccant regeneration was
considered, with fan power excluded as it is negligible relative to the regeneration thermal
energy, reaching a maximum of 48 W. The thermal energy for regeneration was
approximated to be the energy needed to heat the regeneration air almost to the required

Tyeq required and it was calculated according to Equation (2) with m,.., being the mass

flow rate of regeneration air in kg/s and ¢, is the specific heat in J/(kg-K).

chermal = mregcp (Treg - Tamb) (2)
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Figure 4: Point cloud dimensions.

D. Performance optimization by integrating ANN with GA

To optimize the performance of the suggested system, ANN and GA tools were
integrated. The ANN outputs correlations that relate performance parameters to
operational parameters at any chosen ambient and supply combinations. Those
correlations were then fed into a GA model that searches for the optimal operational
parameters which results in optimal energy consumption without compromising heat
stress reduction.

An ANN model was developed in MATLAB to predict the UTCI and E_,,,s as
a function of ambient conditions and supply parameters for any chosen combination. It
models the physical phenomena taking place when cool dry air is supplied to hot humid
ambient while capturing their nonlinear nature [54]. It consists of a series of layers, the
first one feeds the inputs and the last one transfer the output of the model. In between

there are layer(s) referred to as hidden layers that comprises of neurons conveying
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information from one layer to another. Feed forward network (FNN) was implemented in
this study as it is mostly adopted for complex problems with high non linearity [55]. It
consists of 3 layers, one input, one hidden, and one output layer. The inputs of the model

were the ambient and supply conditions including Tg,,;,, Tamp, RHgyp, RHgmp, and Qgyp.

The model output the E.,,,s and average UTCI in the point cloud region of any chosen
combination of ambient and supply conditions. The hidden layer comprised of 7 neurons
with each neuron summing the weighted signals from all neurons of the previous layer
and computed its corresponding output. Training the ANN model was done with
Levenberg Marquart algorithm [56] with “training data” set extracted from the average
point cloud UTCI and E,,, of the 72 conducted simulation in this study. Once training
was done, the performance of the model was validated with “validation dataset” by
computing the mean square error (MSE) where validation error is required to be small for
good generalization. Once the ANN model is capable of generating accurate results, the
correlations for UTCI and E,,,s are extracted to be fed into a multi-objective GA, which
iteratively searches for the optimal energy consumption that results in comfortable heat
stress level in the point cloud region through population-based optimization techniques.
The GA employs two constraints: E.,,s > 0, ensuring physically meaningful energy
consumption values, and UTCI < 32 °C, to maintain acceptable thermal comfort levels.
The “penalty” method is used for constraint handling, where infeasible solutions are
penalized in the objective function to guide the search toward feasible regions. The
maximum number of generations and population size are both set to 1000, enabling robust
exploration of the solution space to avoid local optima. Both the function and constraint
tolerances are set to 10, providing good precision in evaluating convergence criteria

and constraint satisfaction. The implemented GA outputs the optimal solution that
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corresponds to the combination of Qg and Tg,,, that results from the lowest possible

heat stress levels for all ambient combinations at optimal thermal energy requirement

hence balancing thermal comfort and energy efficiency.

E. Experimental validation of the CFD model

This section explains the experimental validation method employed to ensure the
accuracy of the implemented CFD model. The main aim of the experiment is to validate
the ability of the CFD model in predicting the dispersion and mixing of cold dry air after
being supplied to hot humid ambient surroundings.

Accordingly, experiments are conducted in the insulated climatic chamber
presented in Figure 5 (a) where cold air was supplied into the hot and humid chamber,
and the interaction of the cold air with its surroundings are examined. According to Figure
5 (a), the cold air is supplied from a Portable AC Honywell AMH-12000E placed outside
the chamber experimentation room via a flexible circular duct of 13.5 cm diameter. The
exit of the duct forms a 40° angle with the horizontal plane (o in Figure 5 (c) is equal to
40°), and a honeycomb straightener is installed into it to create a laminar flow. The
chamber used is a 2.8 m x 2.8 m x 2.8 m with Sky air 4-way blow ceiling mounted
cassette-2.5KW (8600BTU/hr) that is used to heat the room up to the experimental
temperature. The temperature and humidity of the chamber is controlled to create a hot
humid ambient. To create a humid microclimate, Honeywell ultrasonic humidifier [57] is
used. A point measurement approach is implemented for validation. Temperature,
velocity, and humidity sensors are positioned at locations P1 to P4 as shown by Figure 5

(a). Sensors are positioned in areas important to track the effect of dispersion of cold air
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in hot humid microclimate on the thermal microclimate and hence thermal comfort in the
target region. Then, the measured thermal conditions are compared to simulation results

at steady state.
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Figure 5: Experimental validation figure showing (a) experimental set up schematic, (b)
sensors positions, (c) angled cold supply.

SWEMA anemometers [58] are used to measure the velocity and temperature with

uncertainty of £0.04 m/s (0.05 to 1 m/s), +4% (1 to 3 m/s) and £0.1 °C (10 to 40 °C)
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respectively. Lascar Electronic [59] is used to measure the relative humidity with the
range of measurements being 0 % to 100% and uncertainty of £3%. Velocity of the hot
and cold supplies are measured using hot wire anemometer that measure velocity ranging
from 0.2 m/s to 20 m/s with accuracy of +5% [60]. Temperature and relative humidity of
both supplies are measured using HygroThermometer PCE 330 [61] that measures
temperature ranging from -20 °C to 60 °C with accuracy of + 0.8°C and relative humidity
ranging from 0 % to 100% with accuracy of +2%.

Two experiments are conducted, first with ambient conditions of RH,,,,;, of 70%
and T, of 32°C and the second with ambient conditions of RH,,;, of 70 % and
Tamp of 30 °C. Those experiments are repeated two times to check for accuracy of the
experimental setup. The experiments start by turning on the Caseate system and
humidifier to achieve the required temperature and relative humidity for each experiment.
Once a steady state, characterized by uniform thermal conditions, is achieved, cold air
with temperature around 20°C, relative humidity ranging from 45% to 46%, and flow rate
of around 32 L/s is supplied to the room. The experiment is kept running until a new
steady state is achieved. Then, the measured thermal conditions are compared to CFD

thermal conditions.
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CHAPTER IV

RESULTS

The results section covers the CFD experimental validation in section A. The
impact of supplying cold dry air under different ambient conditions considered in the
parametric study on the thermal and flow fields are presented in section B. Section C
details the performance and resources assessment of the effectiveness of the canopy
conditioning system under various ambient and supply conditions. Section D explores the
improvement in thermal comfort induced by supply conditions for the ambient conditions
of the parametric study. Finally, section E presents the optimal heat stress level that can

be achieved for each ambient condition while balancing the thermal energy consumption.

A. CFD model validation results.

Figure 6 shows the comparison between predicted and measured relative
humidity, temperature, and velocity for experiment 1 (al), (a2) and (a3) and experiment
2 (b1), (b2) and (b3) respectively at steady state at the locations of the sensors P1 to P4.
It can be observed from the Figure 6 (a2) and (b2) that the predicted and measured
temperature closely match for both experiments with a maximum difference of almost
1.2 °C for experiment 1. The predicted and measured velocity values at the four sensors
closely match with in a range of £0.3 m/s for both experiments according to Figures 6
(@3) and (b3). As for the relative humidity, the predicted and measured values match
within almost 10% accuracy for experiment 1 Figures 6 (al) and 5% accuracy for

experiment 2 Figures 6 (bl). These results shows that the CFD model implemented in
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this study can accurately predict the velocity,

distributions within the domain of interest.
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Figure 6: Experimental vs CFD results of (al) temperature (°C), (a2) velocity (m/s) and

(@3) RH (%) at sensors locations for experiment 1 and (b1) temperature (°C), (b2)
velocity (m/s) and (b3) RH (%) for experiment 2.
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B. Impact of cold dry air on thermal and flow microclimate under different

ambient conditions

To understand the ability of the supplied jet in creating cool dry region, thermal,
velocity, humidity, and UTCI contours are displayed in Figure 7 (al-a4) for 2
representative cases where RH,,,,;, 1S 75 % for both cases and T, is 32 °C for the first
case and 28 °C for the second case while Ty, RHgypy, aNd Qg are 22 °C, 75%, and 150
L/s respectively for both cases. Figure 7 (al) shows that supplying cool dry air of
mentioned conditions reduced the temperature under the canopy in the target region from
32 °C to values ranging from 24 °C and 31 °C corresponding to a reduction ranging from
1 °Cto 7 °C. According to Figure 7 (a2), the velocity field under the canopy was enhanced
from 0.1 m/s to range between 1.4 to 1.6 m/s. Humidity ratio field followed the same
trend as the temperature where it decreased from 23 g/kg(da) outside the canopy to range
between 14 and 22 g/kg(da) as shown in Figure 7 (a3). Hence, the cool dry jet created
cooler and drier regions with enhanced air flow. This explained the reduction of the UTCI
under the canopy from 35 °C with no interference to range between 26 °C and 34 °C
depending on supply conditions in the central region which reduced thermal stress state
from “strong” to “moderate” heat stress.

Supplying air of same conditions into two different ambient conditions yielded
different temperature, velocity, humidity ratio and hence UTCI distributions under the
canopy. Figure 7 (b1-b4) shows the maps of temperature, velocity, humidity, and UTCI
contours for the ambient case of 28 °C. Similar trends of enhanced air flow, reduced
temperature, humidity ratio, and UTCI fields were observed with “no thermal stress”
achieved in specific regions under the canopy in this case. Comparing contours in Figure

7 (al-a4) to (b1-b4), the width of the jet which enhanced the thermal microclimate under
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the canopy was larger in the case when T,,,,, Was higher. This was expected as the width,
reflecting the extent of diffusion of cold dry air in hot humid ambient, was higher for
cases where the temperature difference between the jet and ambient was high indicating

more diffusion than the case where temperature difference was lower.
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Figure 7: (al) Temperature, (a2) velocity, (a3) humidity ratio, and (a4) UTCI contours
at plane 1 for Ty, = 32 °Cand RHgypp, = 75 % case With T, = 22 °Cand Qgyp =
150 L/s. The subfigures (b1) to (b4) are the same contours for T,,,, = 28 °C and
RHymp = 75 % with Ty, = 22 °C and Qg = 150 L/s.
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C. Performance and resources assessment under various ambient and supply
conditions

Figures 8, 9, 10 and 11 display the UTCI distribution under the canopy along the
jet for all studied ambient and supply conditions. They showed that supplying dry and
cold air with temperature varying between 22 °C and 24 °C, flow rate varying between
100 L/s to 200 L/s reduced the UTCI levels and created a spot where the thermal comfort
level was improved changing from “very strong” and “strong” heat stress to “moderate”
heat stress with some supplies creating regions of “no thermal stress” as presented in
Figure 8 (a3), Figure 9 (b3), Figure 10 (c3), and Figure 11 (d1), (d2), (d3), and (d6) where
RH ., Was the lowest at high T,,,,;, and at low T,,,,;, with high and low RH ;.

Increasing the flow rate of conditioned air from 100 L/s to 200 L/s for all ambient
conditions shifts the region where thermal comfort was greatly enhanced away from the
supply and broadened it. It can also be noticed that it improved the UTCI level resulting
in lower heat stress. This was expected since increasing the flow rate increased the air
velocity, one of the major factors affecting thermal comfort under the canopy hence
causing notable improvement in the thermal comfort. For every ambient condition
considered, decreasing the supply air temperature from 24 °C to 22 °C caused
improvement in the thermal comfort level where “no thermal stress” for some cases was
achieved. This was because decreasing Ts,,, caused the temperature to decrease to lower
levels under the canopy. The results showed that “moderate” heat stress could be achieved
for all ambient conditions and even “no thermal stress” was attainable in less severe
conditions, however, the region with enhanced thermal comfort differ from one condition

to another.
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Figure 8: UTCI distribution along the jet for the studied conditions at T,,;, = 34 °C
With T, = 22 °C [(al) at RHgmp = 85%, (a2) at RHgmp = 75 %, (@3) at RHypp, =
60 %] and Ty, = 24 °C [(a4) at RHg,,p = 85%, (a5) at RHgmp = 75 %, (a6) at
RHgmp = 60 %].
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Figure 9: UTCI distribution along the jet for the studied conditions at T,,,,,;, = 32 °C
with Ty, = 22 °C [(al) at RHypmp = 85%, (a2) at RHgmp = 75 %,, (a3) at RHgyp, =
60 %] and Ty, = 24 °C [(a4) at RHy,,p = 85%, (a5) at RHgpp = 75 %, (a6) at
RHgpp, = 60 %].
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Figure 10: UTCI distribution along the jet for the studied conditions at T,,;, = 30 °C
with Ty, = 22 °C [(al) at RHypmp = 85%, (a2) at RHgpmp = 75 %,, (a3) at RHgy,p, =
60 %] and Ty, = 24 °C [(a4) at RH,,, = 85%, (a5) at RHy,p = 75 %,, (a6) at
RHgpp, = 60 %].
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Figure 11: UTCI distribution along the jet for the studied conditions at T,,,,, = 28 °C
With T, = 22 °C [(al) at RHgmp = 85%, (a2) at RHgmp = 75 %, (@3) at RHypp, =
60 %] and Ty, = 24 °C [(a4) at RHgymp = 85%, (a5) at RHgmp = 75 %, (a6) at
RHgmp = 60 %].

To identify the supply conditions that ensure best enhancement in thermal comfort

under the canopy at each ambient condition among the different supply combinations

49



assessed, a quantitative comparison for UTCI and thermal conditions in a region where a
human might be seated is performed for all studied cases. The comparison involves values
of UTCI, temperature, velocity, and humidity ratio averaged in the point cloud region
presented in Figure 4 which represents the immediate vicinity of a seated human. Figures
12, 13, 14, and 15 show the average temperature, velocity, humidity ratio, and UTCI in
the point cloud region for (a) Ty, Of 34°C, (b) Ty Of 32°C, (C) Ty Of 30°C, and (c)
T,mp Of 28°C. For each ambient condition specified by a specific temperature and relative
humidity, the performance of 6 supply conditions was compared. For example, for the
ambient condition of T,,,, of 34°Cand RH,,,, of 85%, six supply conditions were
studied for different Ty,,,, of either 22 °Cor 24 °C, and Q,, of either 100 or 150 or 200

L/s as presented in Table 2.

1. Effect of different supply conditions on average temperature

According to Figure 12, the introduction of cool dry air of temperature ranging
between 22 °C and 24 °C and flow rate ranging from 100 L/s to 200 L/s caused reduction
of the average temperature for all ambient conditions with maximum reduction of 3.3 °C
occurring at Tgmp of 34 °C, RH,ypp, 0of 85% and T,y of 34 °C, RH,,p, of 75 % cases
when 150 L/s of air at a temperature of 22 °C was supplied under the canopy (see Figure
12(a)). It can also be noticed that supplying air of lower temperature, caused significant
reduction in average temperature as compared to supplying air with higher temperature
according to Figure 12 (a), (b), (c) and (d). This can be attributed to the larger temperature
difference between the supplied air and the ambient environment. This difference

enhances mixing between the hot ambient air and the cooler supplied air, resulting in a
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greater overall reduction in the average air temperature. Increasing the flowrate from 100
L/s to 150 L/s enhanced the temperature reduction in almost all combinations as shown
by Figure 12 (a), (b), (c). However, if it was further increased to 200 L/s, the reduction in
temperature deteriorated. This was expected, since increasing the flowrate causes the
supply jet to reach further depth under the canopy surpassing the area occupied by a seated
human that was considered in this study. According to Figure 12 (a), (b), (c) and (d), as
the RH,,,;, increase, the difference in the effect of introducing air of similar combination

of T, and RH,,,, was negligible. This was expected since the temperature and humidity
ratio fields are independent where the temperature field is highly affected by T,,, and

Qsup that drive heat exchange and mixing.

51



Toup =22°C Tsup =24°C Top =22°C Tsup =24°C

S 36 8 ;C;SS
34 S —_— 034
o— Py . o

Q32 1 —= 032 - ————— —_—

530 1 M E—— ==

m o

228 228

£26 §,26 1

o4 - 24

85% 75%  60% 85% 75% 60% 85% 75%  60% 85% 75%  60%
Ambient Relative humidity (%) Ambient Relative humidity (%)
(a) Average T in PC region for T y,,,, = 34 °C (b) Average Tin PC region for T, =32 °C
Toup =22°C Toup = 24°C Toyp =22°C Toup =24°C

~36 36 -
& g
— -34 4
¢ :

v 32 s 32 - 4
330 4 ——— —_— 330
] [
52 _ _ 7 JR A S — —_—
= o — ] S —
£26 £26 - 1
2oy 2 24

85%  75% 60% 85%  75%  60%

85% 75% 60% 85% 75%  60%
Ambient Relative humidity (%)

Ambient Relative humidity (%)

(c) Average Tin PC region for T ,,, = 30 °C (d) Average Tin PC region for T ;,,,;, =28°C
Supply flow rate
—— —— —0- -
Qsup = 100L/s Qsup = 150 L/s Qsup = 200L/s No system

Figure 12: Average temperature (°C) in the point cloud region for all studied cases for
Toump of (a) 34 °C, (b) 32 °C, (c) 30 °C, and (d) 28 °C.

2. Effect of different supply conditions on average velocity

Figure 13 shows that the average velocity was enhanced to range between 0.3 m/s
and 0.7 m/s in the point cloud region when conditioned air was supplied. It can be noticed
that at large temperature difference between the ambient and cold air supply, increasing
the flow rate from 100 to 200 L/s enhances the velocity field in point cloud region.
However, as the temperature difference decreases, increasing the flow rate of the cold dry
supply from 100 L/s to 150 L/s increased the average velocity at the point cloud region

and further increase in the flow rate to 200 L/s though increased the average velocity but
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not as much as it was increased by 150 L/s supply according to Figure 13 (a), (b), (c) and
(d). This can be attributed to buoyancy effects, where supplying cold air into hot ambient
creates temperature differences which result in cooler air sinking and mixing with warmer
air. When this temperature difference is high, the centerline of the jet shifts backwards
aligning it more closely with the middle of the PC region creating the largest
enhancement. However, as the temperature difference decreases, the buoyancy effect is
weakened which results in shifting the jet centerline forward relative to the point cloud
region favoring the flow rate of 150 L/s as the centerline of the 200 L/s jet is ahead of the
region of interest. Moving from Figure 13 (a) to (b) to (c) to (d), the difference in the
effect of Qg,,,, 0N average velocity was getting progressively smaller. By decreasing the
temperature difference and flow rate from 200 L/s to 100 L/s, a balance is created where
buoyancy affect shifts the centerline forward, on the other hand the momentum effect
shifts it backward, this results in minimal sensitivity of velocity to the flow rate at low
temperature difference. Regarding the RH,,,; impact, it has minimal effect on the
average velocity as shown by Figure 13 (a), (b), (c) and (d). This is expected as the
velocity and humidity ratio fields are independent where velocity field is influenced by
dynamic factors such as flow rate and temperature gradients, whereas relative humidity

primarily affects the moisture distribution.
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Figure 13: Average velocity (m/s) in the point cloud region for all studied cases for T,,,,; Of (a)
34 °C, (b) 32 °C, (¢) 30 °C, and (d) 28 °C.

3. Effect of different supply conditions on average humidity ratio

Figure 14 shows that the average humidity ratio in the seated region was reduced,
hence a drier region was created for all studied ambient conditions. At high Ty, the
moderate @, 0f 150 L/s created the drier region by removing up to 4.1 g/kg of humidity
when air of Tg,,,, of 22 °C was supplied at highest T, (34 °C) according to Figure 14 (a)
and highest RH,,,;, (85%). However, low (100 L/s) and high (200 L/s) flow rates created
less dried region. As T,,,;, decreased, as we move from Figure 14 (a) to (b), to (c), to (d),

the induced humidity ratio reduction decreased due to the decreases of the driving

gradient which is moisture concentration difference.
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Additionally, the effect of flow rate on humidity ratio reduction was more
significant at higher moisture concentration gradients and decreased to become almost
negligible at lower gradients. At higher gradients, increasing the flow rate enhances
advection, which continuously renews the boundary layer and sustains a strong gradient,
thereby promoting effective diffusion. However, as the gradient diminishes, even the
renewal of the already weakened concentration gradient cannot significantly increase the
amount of moisture transferred. Consequently, at lower gradients, the impact of
increasing the flow rate becomes negligible, as diffusion emerges as the rate-limiting
process. It can also be noted that, reducing the humidity ratio of supply, created a region
of lower average humidity Ratio as presented by Figure 14 (a), (b), (c), and (d). This can
be attributed to the mixing between dry and humid air which results in region with lower

humidity ratio when drier cold air is supplied.
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Figure 14: Average humidity ratio (g/kg) (°C) in the point cloud region for all studied
cases for Ty p,pof (a) 34 °C, (b) 32 °C, (¢) 30 °C, and (d) 28 °C.

4. Effect of different supply conditions on average UTCI.

According to Figure 15 (a), (b), (c), and (d), as the T,,,}, increases, the average
UTCI in the seated region when no system was turned on increased reflecting increased
heat stress that can reach high values corresponding to “very strong” heat stress. It can be
observed that increasing the RH,,,,;, caused higher intensity of heat stress. When cold dry
air of different combinations is supplied at different ambient conditions, the average
UTCI was enhanced for all ambient cases. However, the effect of supplied air on the
thermal comfort in the seated region varied from one supply combination to another as

shown by Figure 15 (a), (b), (c) and (d). It can be noticed that lower Ty, achieved lower
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UTCI values reflecting lower heat stress. Regarding the flow rate, increasing it from 100
L/sto 150 L/s reduced average UTCI, hence thermal stress, in the seated region. However,
increasing it further to 200 L/s, reduced the average UTCI though not as much as when it
is increased to 150 L/s.

For the highest Ty,,,, whose UTCI is presented in Figure 15 (a), thermal stress can
be enhanced from “very strong” to “strong” heat stress and even to almost “moderate”
heat stress. However, this required more resources reflected by supplying air at low
temperature of 22 °C and moderate flow rate of 150 L/s since supplying air of temperature
of 24 °C was not able to reduce the average UTCI in the seated region to as much as it
was reduced by lower T,,. Also, lower flow rate of 100 L/s achieved the smallest
reduction in the thermal stress. As the thermal stress become less severe for the base case
when no cold dry air was supplied, i.e., as T,,,;, decreases, the thermal environment in
the seated region was enhanced and UTCI values were reduced to low levels reflecting
“moderate heat stress”. However, this enhancement in thermal comfort can be achieved
by less resources as the UTCI values achieved by low (22 °C) and high (24 °C) Ty, are
close as shown by Figure 15 (c). Also, the reduction in heat stress achieved by low flow

rate (100 L/s) was close to that achieved by high flow rate (200 L/s).
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Figure 15: Average UTCI (°C) in the point cloud region for all studied cases for Ty
of (a) 34°C, (b) 32°C, (c) 30°C, and (d) 28°C.

D. Improvement in thermal comfort

Figure 16 (a) presents the average UTCI for all the studied combinations, showing
that RH,,,,;, and T,,,,;, affect the extent at which the supplied cold and dry air improve the
thermal comfort in the seated region with coloured symbols corresponding to ambient
cases were cold dry air were supplied and the black symbols corresponds to the ambient
cases with no intervention. Figure 17 (b) shows that at the lowest T, of 28 °C,
supplying cold dry air of different conditions caused the average UTCI in the point cloud

region to vary with in a small range between 1.1 °C at RH,,,;, 0f 85 % and 1 °C at RH .3,
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of 60 %. However, as T, increased to reach a maximum of 34 °C, supplying
conditioned air of different conditions while increasing RH,,,,;, caused average UTCI to
vary with in a wider range between 2.6 °C and 4.2 °C for RH,,, of 60 % and 85 %
respectively. For ambient conditions of low temperatures, despite increasing RHg,,,;, , the
evaporative cooling thermoregulatory response remained effective when triggered
because supplying cold dry air created drier region that was dry enough to provide
suitable conditions for evaporative cooling to be effective. However, as ambient
temperature increased, evaporative cooling became more significant hence any increase
in RH,,,,;, affected the effectiveness of this thermoregulatory response hence affecting
the heat stress levels that varied significantly from moderate level with optimal supply
conditions that created suitable microclimate for the thermoregulatory response to be
effective to remain very strong despite supplying cold dry air as it was not able to create

the microclimate where evaporative cooling succeed in reducing heat stress.
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Figure 16: (a) Average UTCI for the 72 combinations and (b) their corresponding UTCI
reduction ranges.

E. Energy analysis and optimization

This section presents the energy consumption trends analysis for the different
supply and ambient conditions combinations in section E.1. Section E.2 showcase the

optimization results for the 12 ambient conditions considered in this study.

1. Energy consumption trends

Energy performance analysis was conducted for all supply conditions at the
ambient conditions considered in this study. Figure 17 shows the thermal energy needed
for regeneration to operate the system at T,,,, of 34 °Cand 28 °C with supply air of

temperature of 22 °C and flow rate varying between 100 L/s and 200 L/s. According to
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Figure 17 (a) and (b), increasing the flow rate raises the thermal energy requirement, as
anticipated. At a higher dehumidification flow rate, more moisture is adsorbed by the
desiccant material, necessitating additional thermal energy for regeneration to sustain the
desiccant’s efficiency. Moving from Figure 17 (b) to (a), i.e., by moving towards more
severe ambient conditions, the thermal energy almost doubled from 2.1 kW to 3.95 kW
and 3.15 kW to 5.92 KW and 4.19 kW to 7.89 kW at Q,,, of 100 L/s, 150 L/s, and 200
L/s respectively for RH,,;, of 85%. This was anticipated, as higher regeneration
temperatures were needed. Moreover, the difference in the effect among different supply
conditions on average UTCI varies moderately to be insignificant at low T, as
illustrated by Figure 15. Hence, at low T,,,;, supply conditions with least thermal energy
requirements are expected to be the most optimal. Moving towards hotter T,,,;, the
optimal supply for each case corresponds to the supply conditions that created least

possible heat stress in the seated region, which was T, of 22 °C and Qg,, of 150 L/s.
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Figure 17: Regeneration thermal energy (KW) for all supply conditions with Tg,,,, of 22
°C at Tympof (a) 34 °C and (b) 28°C.
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2. Energy consumption optimization using ANN integrated with GA

Figure 18 (a) presents the lowest thermal stress levels that can be achieved for
each of the ambient conditions studied after implementing the optimization of
regeneration thermal energy. It can be noticed that for less severe ambient conditions, the
least achievable stress level is "moderate heat stress”. However, for extreme ambient
conditions the heat stress level is reduced from the original state where no intervention
was done to reach "strong heat stress™ and even "moderate heat stress” for some cases.

Figure 18 (b) shows the minimal regeneration thermal energy required to achieve
the lowest possible heat stress level for each ambient condition studied. It shows that the
highest optimal thermal energy consumption is recorded in the most severe cases where
RH g, and Ty, are there highest levels with a value of 6 kW. As the ambient condition
become less severe, the optimal regeneration thermal energy required become smaller.
The utilized optimization allowed for achieving lowest possible heat stress level at
minimal regeneration thermal energy requirement for less severe cases where the savings
in the regeneration energy reached almost 60%. On the other hand, for more severe cases,
even though the optimal regeneration energy is slightly higher, it results in lower heat

stress.
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Figure 18: (a) minimal achievable UTCI for the ambient conditions studied after
implementing energy optimization and (b) corresponding optimal regeneration thermal
energy.
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CHAPTER V

CASE STUDY

Another parameter that could have been included in performance optimization is
the angle the cold dry supply makes with the horizontal. However, incorporating this
parameter to the parametric study that already consists of 72 simulations was not feasible
as additional simulations would be needed; so, it was fixed at 30° instead. Therefore, a
separate study was conducted to explore the effect of position and angle the supply makes
with horizontal on the thermal environment and hence thermal comfort in the seated
region. The assessment of various air distribution arrangements was performed for
Beirut's outdoor climate, known for its hot and humid summers. The study considered a
design ambient temperature of 30°C and a relative humidity of 70%. The investigation
assessed the supply system in the presence of low wind conditions, excluding
considerations of elevated wind speeds, turbulence, and the consequent interactions
between ambient wind and the supplies. The study examined the impact of airflow
(introduced through four circular supply ducts of 35 cm diameter) on the average thermal
conditions and hence thermal comfort beneath the canopy. Four configurations for air
delivery were considered. The key difference between them lay in the placement and tilt
angle of the air diffuser. A summary of positions and angles of the tested configurations

is provided in Table 3.
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Table 3: Summary of the studied configurations.

e RO
Conﬁgluration Corners 200
Conﬁg;ration Corners 450
Conﬁgauration Periphery 200
Conﬁgrration Periphery 450

The interaction and mixing of the supplied conditioned air with the ambient air
within the canopy directly affects the thermal comfort of occupants. Therefore, CFD
was employed to predict the steady-state thermal conditions under the canopy for
various supply air settings. For thermal comfort assessment, the universal thermal

climatic index (UTCI) was implemented.

A. CFD model: computational domain, solvers and discretization schemes,

boundary conditions

A CFD model was developed for each supply configuration using the commercial
software ANSYS Fluent [62]. The computational domain comprised a canopy with
dimensions of 3 meters in height, 4 meters in width, and 4 meters in length situated within
a larger domain measuring 10 by 15 meters. Similar simulation domain dimensions was
used in literature to study the effect of water mist cooling on the microclimate of a semi-
outdoor space [38]. The configuration-specific placement of supplies on the canopy is
depicted in Figure 19 (a) and Figure 19 (b). Polyhedral, unstructured meshes with hexcore
elements were employed for proper domain discretization. Inflation layers were

incorporated near walls to capture boundary layer effects. The mesh minimum and
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maximum cell sizes were 1 cm and 5 cm, respectively and the total cell count was
approximately 3.9 million. The minimum orthogonal quality was 0.2 and the maximum
skewness was 0.79364. The standard k- turbulence model with a standard wall function
was utilized for turbulence modelling. The maximum dimensionless y+ value was 22.
The Boussinesq approximation was implemented to account for buoyancy-driven flows,
and the species transport equation was employed for both water vapor (H20) and oxygen
(02) to model their diffusion within the computational domain. The pressure-velocity
coupling utilized the SIMPLE scheme, with the pressure term discretized using the
second-order scheme. Momentum, species, turbulent kinetic energy, turbulent dissipation
rate, and the energy equation were discretized using the second-order upwind scheme. A
solution was considered convergent when residuals for velocity, continuity, k, and & were
less than 1073, and energy residuals were less than 10~°. Similar studies employed the

use of CFD simulation in semi-outdoor spaces [63].

In Figure 19, the boundary conditions within the domain are presented: the two
sides of the domain were simulated as symmetry, while the remaining two sides were
represented as a velocity inlet with very low velocity (0.1 m/s) (defined ambient
temperature and humidity ratio) and an outflow, respectively. Additionally, both the
canopy and the ground were modeled as walls with their thermal conditions defined as
zero heat flux. Furthermore, the four supplies were modeled as velocity inlets with
defined temperature and humidity ratios. Figure 19 (a) and Figure 19 (b) display four
supply configurations under the canopy: Configuration 1 has ducts at the corners tilted at
30°, and Configuration 2 mirrors this with a 45° tilt angle (see Figure 19 (a)).
Configuration 3 and Configuration 4 place supplies at the center of canopy periphery

sides with a 30° and 45° angle from the horizontal (see Figure 19 (b)).
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Figure 19: Simulation domains for (a) Configurations 1 and 4, (b) Configurations 2 and
3.

B. Outdoor Thermal Comfort Assessment: UTCI

The chosen thermal comfort assessment tool was the Universal Thermal Climate
Index (UTCI), a commonly used metric in literature to assess OTC [53]. Similar to
parametric study, UTCI contours throughout the simulation domain were extracted. This
facilitates the evaluation of thermal comfort in the microclimate beneath the canopy,

essential for analysing and comparing different configurations.

C. Effect of the angle of supply in the thermal fields and thermal comfort
under the canopy
Figure 20 and Figure 21 show the contour plots for (a) temperature (°C), (b)
velocity (m/s), (¢) humidity ratio (g/Kg), and (d) UTCI (°C) for Configuration 3 (supply
at periphery making 30 ° angle with horizontal) and Configuration 4 (supply at periphery

making 45 ° angle with horizontal), respectively. The supplied air flow rate, temperature,
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and humidity remained constant in all configurations; the only difference was the position
and tilt angle of the supplies. The baseline case -to which enhancement is compared- is
considered to be the canopy without supplying any conditioned air. In this case, the
thermal conditions beneath the canopy were uniform; air temperature was 30 °C, humidity
ratio was 18.9 g/kg(da), and air velocity was 0.1 m/s. Assuming canopy wall block solar
radiation exposure to occupants, these conditions result in a UTCI of 32.4°C, indicating
a "strong heat stress" condition. The introduction of conditioned air (22°C, 11.6 g/kg, 3
m/s) changed the thermal conditions beneath the canopy, affecting temperature, humidity,
velocity, and UTCI, as shown in Figures 20 and 21. In Figure 20 (a), introducing
conditioned air from periphery supplies of 30° inclination angle (configuration 3), led to
a notable temperature reduction beneath the canopy where the decrease ranged from 1°C
to 6°C. Figure 20 (b) shows increased air velocity under the canopy with effect being
dispersed from the center. Figure 20 (c) indicates reduced humidity ratio by a range of
1.5 to 5.9 g/kg in the central region, and Figure 19 (d) demonstrates reduced UTCI
reflecting reduced thermal stress, shifting from “strong heat stress” to “moderate heat
stress”, with some spots experiencing “no thermal stress”.

In Figure 21 (a), (b), (c), and (d), the temperature, velocity, humidity ratio, and
UTCI within the examined microclimate beneath the canopy at Configuration 4 with a tilt
angle of 45°C are depicted. Introducing conditioned air in this arrangement led to reduced
temperature, lower humidity, increased velocity, and a decreased UTCI. However, the
temperature and the humidity in this setup are brought to lower range and the velocity of
air flow is brought to higher range in the seated region as compared to configuration 3.

Regarding the thermal comfort level, it transitioned mostly to “no thermal stress” in this
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region. Additionally, Configurations 1 and 2 also produced comparable reductions in
canopy temperatures, improved airflow, and lower humidity ratios.

When comparing configurations with the same supply position but different tilt
angles, it is evident that configurations with lower tilt angles from the horizontal exhibit
a more dispersed effect, while those with higher tilt angles have a more localized effect.
The impact of the angle may be attributed to the increased proximity of jets with higher
angles, leading to a more concentrated conditioned zone but with reduced spread.
Conversely, lower angles result in jets being farther apart, producing a less concentrated

cooling effect.
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Figure 20: Configuration 3 contours for Temperature (a) velocity (b) humidity ratio (c)
UTCI (d)
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(d)

Figure 21: Configuration 4 contours for Temperature (a) velocity (b) humidity ratio (c)
UTCI (d)
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CHAPTER VI

LIMITATION AND APPLICABILITY

Despite the inherent nature of variable outdoor environment, including variable
temperature, humidity, radiation, and fluctuating wind and turbulence, this study aimed
to develop a core understanding of how cold, dry air interacts with a hot, humid ambient
setting within a controlled semi-outdoor environment; this is an essential step before in-
depth studying of the proposed sustainable conditioning system in real semi-outdoor
settings in hot humid regions. This was achieved by conducting CFD simulations
validated by controlled experiments that allowed the control of boundary conditions and
the isolation of variables that might hinder the accurate interpretation of the resulting data.
Real outdoor wind affects the interaction between supplied and ambient air, impacting
thermal comfort in the “conditioned spot” and potentially leading to inaccurate
interpretations of the effect of supply and ambient conditions on thermal environment
under the canopy. Therefore, expanding this study to include actual outdoor conditions is
vital for future research. Additionally, this study demonstrated that a single, simply
designed cylindrical air supply with honeycomb flow straightener effectively provides
comfortable thermal conditions for a person seated in the “conditioned spot” within a
quiescent semi-outdoor setting. In real-world applications, multiple jets can be used to
create a uniform zone where thermal comfort for multiple occupants can be enhanced.
Further exploration is required to analyze the effects of actual wind fluctuations on the
thermal environment created under the canopy and mitigating strategies that allows the
system to provide comfortable thermal environments for occupants despite the fluctuating

wind. This will involve careful design of the outdoor jets supply grills, including their
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dimensions, diffuser angles and operating conditions as those factors majorly affect the
jet velocity distribution in the “conditioned spot”. In cases of increased wind velocity, air
curtains can be incorporated into the canopy configuration as effective solution for
isolating the microclimate under the canopy while maintaining visibility by acting as a
transparent barrier against actual wind [64]. Furthermore, this study demonstrated the
system potential to enhance thermal comfort for a seated individual, however, future
research is required to focus on the system full-scale operation in real-world settings. This
will include a detailed analysis of its economic costs and operational efficiency while
utilizing solar energy, providing critical insights into its feasibility and scalability for
broader implementation. Additionally, this study assesses comfort based average thermal
conditions within a defined focus zone without explicitly modeling localized flow
disturbances around an individual as this approach is widely adopted in literature in
thermal comfort studies [21, 53, 65-67]. However, the presence of human can cause
small-scale flow disturbance that might affect the local thermal perception. Hence, future
work is suggested to assess the effect of the human body on the microclimate thermal

conditions and hence on local thermal perception.
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CHAPTER VII

CONCLUSION

In conclusion, this study presented a sustainable novel method to enhance the
OTC in hot and humid conditions where it suggested combining desiccant
dehumidification with evaporative cooling technologies to supply dry and cold air under
outdoor canopy, hence tackling the three main reasons of outdoor thermal discomfort,
radiation (by shading) and elevated temperature and humidity levels (by supplying cold
dry air). CFD was employed for conducting simulations to analyze the interaction of the
supplied conditioned air with the existing ambient air for different supply and ambient
combinations and assess its effect on the OTC in the “conditioned spot” via the UTCI
thermal comfort assessment metric. The design and sizing process of a system that can
supply conditioned air with specific temperature, humidity, and flow rate implemented
mathematical models for the individual components of the dehumidification and cooling
systems. After having a properly sized conditioning system responsible for supplying
cold and dry air of different conditions at different ambient conditions, energy
consumption analysis was conducted for the combinations under study. ANNs are then
implemented to develop correlations between performance parameters, including UTCI
and E.,,s, and ambient and operational parameters. These were then fed into a GA
algorithm, which determines for each ambient configuration the optimal supply
conditions that enhances the thermal environment in the seated region while maintaining
optimal energy consumption without compromising the thermal stress level. Hence, this
study facilitated the development of a systematic guide for planning and designing

sustainable engineering interventions specifically suited for low wind outdoor spaces in
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hot and humid climates. The guide provides a structured framework for implementing
sustainable smart strategies that effectively enhance thermal comfort, optimize energy
usage, and elevate environmental quality, addressing the specific challenges posed by the
extreme outdoor conditions. The following were the main findings:

. Supplying dry and cold air with temperature varying between 22 °C and
24 °C, flow rate varying between 100 L/s to 200 L/s yielded enhanced air flow, reduced
temperature, humidity ratio levels and reduced the UTCI levels for all ambient conditions
(Tamp Vvarying between 28°C and 34 °C, RH,,,, Vvarying between 60 % and 85 %)
creating a spot where the thermal comfort level was improved from “very strong” and
“strong” heat stress to “moderate” heat stress with some supplies creating regions of “no
thermal stress” for ambient conditions of lower temperatures.

o The implemented optimization allows for achieving the lowest possible
heat stress levels for all ambient combinations at optimal thermal energy requirement
where the reduction in thermal energy required for operation reached a maximum of
almost 67%.

. Lower supply tilt angles from the horizontal exhibit a more dispersed

cooling effect, while higher tilt angles have a more localized cooling effect.
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CORRESPONDING OPERATIONAL PARAMETERS FOR

temperature for first and second desiccant wheels (Ty¢1, and T4 ), Velocity of air in the
dry channel (Vp;z¢) and the ratio of this air extracted from dry to wet channel of DIEC

(X), for Tymp of 34 °C, 32 °C, 30 °C, and 28 °C in Tables A.2, A3, A4, and A5

APPENDIX

AMBIENT AND SUPPLY COMBINATIONS WITH

THE CONDITIONING SYSTEM

This appendix details operational

respectively.

Table A.1: Operational parameters for all cases with T}, of 34 °C

parameters,

including

Ambient DW DIEC Supply
conditions | operational operational conditions
parameters parameters
Tamb RHam Tregl Tregz X VDIEC Tsup RHsuI: MiXing
34 |85 45 55 0.25 0.75 22.3 | 81.3
3 0
34 |85 45 45 0.365 [ 15 23.9 | 82.7 No mixing
7 9
34 |75 45 50 0.25 1.5 21.6 | 75.3
6 2
34 |75 45 50 0.16 2.4 24.1 | 71.0
1 1
34 | 60 45 45 0.25 1.55 219 | 584
1
34 |60 45 45 0.15 2.3 23.5 | 59.9
1
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Table A.2: Operational parameters for all cases with Ty,,,;, of 32 °C

Ambient DW operational | DIEC Supply
conditions | parameters operational conditions
parameters
Taml RHamb Tregl Tregz X VDIEC Tsup RHsup MiXing
32 |85 45 45 0.15 2.6 219 | 83.1
1 3
32 |85 60 0 0412 | 2 23.9 | 83.8
S 7 4
32 | 75 45 0 0.15 2.5 219 | 73.2
8 5 o
No mixing
32 |75 60 0 0.22 2 24.0 | 73.0
0 0
32 | 60 65 0 0.25 1.55 215 | 57.3
5 0
32 | 60 55 0 0.15 1.6 24.2 | 57.3
0 2
Table A.3: Operational parameters for all cases with T,,; of 30 °C
Ambient DW DIEC Supply
conditions | operational operational conditions
parameters parameters
TamA RHamb Tregl Tregz X VDIEC Tsup RHsup MiXing
30 | 85 60 0 0412 | 2.25 21.4 | 82.6
5 9 5
30 | 85 45 0 0.3 1.45 236 | 84.1
1 0
30 [ 75 55 0 0412 | 1.9 22.0 | 72.9 NO mixin
5 5 4 g
30 [ 75 45 0 0173 | 1.2 24.1 | 72.7
5 8 1
30 | 60 50 0 0.15 1 22.1 | 575
2 8
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30 | 60

45 0

0.15

1.8

22.7

62.2

Table A.4: Operational parameters for all cases with T,,,,;, of 28 °C

Ambient DW DIEC Supply
conditions | operational operational conditions
parameters parameters

Tamx RHamb Tregl Tregz X VDIEC Tsup RHsu MiXing

28 | 85 45 0 0.26 1 219 | 82. NO mixin
1 |29 g

28 | 85 45 0 0.26 1 23.8 | 82. | Mixing ratio of
6 86 | 0.7

28 | 75 45 0 0.17 0.75 21.8 | 72. | No mixing
9 49

28 | 75 45 0 0.17 0.75 23.5 | 73. | Mixing ratio of
0 11 | 0.75

28 | 60 45 0 0.15 2.15 20.7 | 65. | Mixing ratio of
2 74 109

28 | 60 45 0 0.15 2.15 22.6 | 63. | Mixing ratio of
4 38 | 0.7
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