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Building envelopes plays a vital role in reducing energy consumption in buildings, especially in
heat and mass transfer, HVAC cooling load, infiltration rate, and exfiltration. Using a multi-layer
glazing system, Energy Active Window (EAW) adapts window insulation technology to reuse
low-grade air from the HVAC system. This technology makes the temperature at the internal
surface of the window close to the indoor air temperature, which would minimize heat exchange
between indoor and outdoor. It invests the relatively low temperature of return-air airflow in the
air gap between glass panes of the windows or curtain system to reduce the temperature of the air
gap and the stagnant air film on glass panels. The system uses two basic concepts related to window
thermal design: firstly, moving air has a higher ability to reduce surface temperature than stagnant
air; secondly, air resistivity has an inverse relationship with its temperature. The glass portion in
any building envelope is considered weak, especially in high-rise buildings where the entire
envelope is the source of enormous heat inlet. The Energy Active Window (EAW) solution does
not affect the visual quality or reduce daylighting entering indoor space, and all the system
components are hidden in a specific frame. This study attempted to reduce energy consumption by
increasing the thermal resistivity of the curtain system without adding another glass panel,
channeling the Return Air (RA) from the HVAC system into the curtain frame to reduce the
temperature of the air gap and air film layer. The research methodology used in this study includes
experiments and simulation to examine the heat exchange rate between outdoor and indoor
building environments. A state-of-the-art CFD program has been used to simulate exhaust/return
air behavior in the window system aerodynamically and thermally, to provide the expected
reduction of surface temperature. When conducting CFD simulation and validated it with

experimental setup detailly described in literature, results show a reduction of 4 to 7 °C based on
Xl



type of window, for both inner and outer pane when outdoor temperature is 45 degrees with less
than 4% margin of error. Different components of EAW were tested with variety of velocities, air
gap width, air volume, outdoor temperatures and using triple of double-glazing layer. Moreover,
an implantation guideline was developed to help researchers to develop a solid setup with low
margin of error in hot climate of Dhahran; a prediction guideline was developed also to give the

optimum values to get best outcomes from EAW in hot climates.

Based on these results such a system would have high potential to reduce surface temperature of
the window, a significant reduction of energy consumption is expected, without adding any

tangible initial or running cost on stakeholders.
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CHAPTER 1

INTRODUCTION
1.1 - Background

There is no doubt that building envelope play a critical role in energy conservation in
buildings; wall systems like curtain walls and cavity walls where always a rich source and
topic for researchers and architectural manufacturers to develop it in many perspectives
such as structural stability, visual ability, financial feasibility, and physical properties like
moisture and heat transfer. Nonetheless, when it comes to windows and curtain walls and
their heat transfer properties, all solutions were majorly limited to increased number of
glass panes included within window frame, or pane type of material, or focusing on its
resistance of solar radiation transmittance. This work aims to increase windows and curtain

wall ability to resist heat transfer in unconventional way, by not adding additional glazing
layer[1], [2], [3].

Window systems such as curtain walls have been critical and important element in design
of buildings in general, and in skyscrapers functioned to serve as offices, that it gives the
building occupant ability to enjoy view and sun lighting while they are within the indoor
environment, so it was sort of clever way to get best of both worlds[3]. Moreover, such
envelope system used to give architects to design the facade with minimum number of
elements, on the other hand its relatively low dead load was very attractive for structural
engineers to adapt such system, without increasing the structural section of the elements.
Nonetheless, when it comes to its physical properties, particularly its heat transfer
properties, it was considered as weakness point for such system and for the entire
skyscrapers as category of building; however, using Energy Active Windows system
(EAW) which uses return air (RA) or exhaust air (EA) to cool its surface temperature could
change such a stereotype on these category buildings[4], [5].



Towers and skyscrapers are expected to be type of structure where EAW would be mainly
used, having mentioned that, it can be noticed that in the last two decades, no architect or
engineer thought that high-rise buildings such as ones built in Manhattan or San Francisco
would have a chance to survive in the gulf and specifically Saudi Arabia. However, when
Kingdom Tower in Riyadh and Burj Al Arab in Dubai were built, it was amazing
development, despite that many building experts still bet on its failure two or three years
later. High rise buildings became a reality, and it proves its functionality and feasibility for
business owners and real estate developers. Nevertheless, no modification nor development
have been added to its architectural or engineering design while adapting such a concept
from the west without considering architectural and environmental factors in the gulf
region. It is not easy to distinguish the location of skyscrapers from their appearance; they
do not get any impact of their surrounding culture or architectural style except Taipei 101.
This eventually makes these buildings have no character from an architectural perspective
and consume more energy than their footprint. One way to strengthen high-rise buildings'
envelopes is using Energy Active Window (EAW), which can increase glazing resistance
without affecting thermal visibility or adding tangible margin of cost. On the other hand, it

could reduce thermal load building by reducing thermal transmittance[6], [7], [8].

Curtain wall in high rise buildings is considered as architectural system integrated with
other building systems and components, nonetheless system require special considerations
such as its ability to prevent heat transfer, waterproofing, architectural pleasance,
daylighting, and its structural stability and resistance of wind lateral forces. Curtain wall
and windows in general are made of two components, glass pane, and the aluminum frame;
however, other elements can be added to serve a specified function such as louvers,

sunscreens[9], [10].

The application of EAW contributes generally in lowering temperature of return-air flow
within the cavity between glass panes of the windows or window ornament framework to
diminish the temperature of the cavity and the stagnant surface film on glass boards. The

framework employs two essential concepts related to window warm design: firstly, moving
2



air incorporates a higher capacity to diminish surface temperature than stagnant air;

furthermore, air resistivity has an inverse relationship with the temperature[11], [12].

EAW can be sufficient substitute of convictional type of windows or curtain walls,
especially where triple glazing pane is been used, that such a system could reduce the
thermal requirement to use two panes only, which would reduce the initial cost of the

curtain system, and the same applies when using quadruple glazing systems[13], [14].

Reducing energy consumption in buildings is significant factor during design, construction,
and operation, nonetheless, the importance of such factor would increase and make notable
challenge in hot climate like Saudi Arabia. In hot environments like middle east and north
Africa, building sector is responsible for about 36% of the total energy consumption;
having mention that, window to wall ratio would have significant role in cooling load, that
enlarging window ratio from 10% to 90% would increase the cooling load by more than
70%. Generally, windows and curtain wall provide tremendous amount of problems
comparing to cold climates, moreover, most solution these issues in the market or in
literature review were based on high cost and complicated models, which make it difficult
to prove its feasibility; for example, for single glass pane, increasing glass thickness on
heating load largely, while its impact on cooling load is almost neglected, that to recusing
heat transfer through window, it is require to use double glazing system with inert gas such

as Krypton or air.

This thesis attempted to reduce energy consumption of window system by increasing the
thermal resistivity of the curtain system without adding another glass panel, using Return
Air (RA) from the HVAC system into the cavity between the two glasses to reduce the
temperature of air gap and air film layer. The glass portion of any building envelope is
considered a weak point, so in high rise buildings, the entire envelope is the source of
enormous heat flux. Nonetheless, Energy Active Window (EAW) solution does not affect
the visual quality or reduce daylighting transmittance into indoor space, as all of the system
components that are capable of blocking daylight are hidden in a specific frame[13], [14].
EAW is adaptive window insulation technology using a multi-layer glazing system to reuse

RA from the HVAC system instead of returning it to the HVAC system and re-cool it again
3



or discharging it directly to the ambient. This technology makes the temperature at the
internal surface of the window close to the indoor air temperature, which would minimize
heat exchange between indoor and outdoor. A window or glazing system can utilize the
exhaust or return air in each conditioned room or floor instead of adding additional air-
ducts and mechanical fans to gather the exhaust air from different conditioned zones[15],

[161, [17].

1.2- Problem Statement
Gulf countries, especially Saudi Arabia, face continuous challenges of high energy

consumption in buildings, which consume the capital of the country's primary resource that
is oil. Extensive and fast steps are required to find rational and realistic solutions to protect
this asset for other generations without degrading the current lifestyle of the people[18].
Saudi Arabia is leading the efforts to reduce energy consumption and reduce over-reliance
on fossil fuel by launching a project like NOEM and THE LINE designed to be operated
without fossil fuel. The entire country plans to give up on oil and other non-renewable
energy sources by 2030, putting engineers and architects in very challenging situations to
fulfil this vision. Sustainability of energy resources is essential to the prosperity of any
country or society, regarding that, having scientific research which provide and examine

prospective solutions to be adapted within the local environment is required [19][20].

Saudi Arabia in 2017 consumed 170.7 million Tonne of oil equivalent, and the breakdown
indicates that government, residential and commercial buildings consume 37.5% of that
number[18], [19] which is more than the third of total energy consumption in that year.
Statistic and numbers like that should be a red flag and create an adequate motivation for
engineers and architects to initiate to provide solutions. The literature review demonstrates
the importance building envelope when it comes to HVAC design in calculating the cooling
load and rate of infiltration and exfiltration[21]. as a result, this work aims to reduce heat
transfer through the building envelope of windows and curtain systems to decrease cooling

load and reduce energy consumption during the building life cycle.

Building envelope plays a vital role in reducing energy consumption in buildings,
especially in heat and mass transfer, HVAC cooling load, infiltration rate, and exfiltration;

4



these factors and their impact would increase exponentially in hot climates where
temperatures could reach 48 to 52 °C, would create a notable challenges for architects and
designers to react with such an environment, by adapting a new technologies were building
envelope are able to resist these extreme temperature and high cooling loads, especially in

high window to wall ratio building like office buildings.

Using a multi-layer glazing system, Energy Active Window (EAW) adapts window
insulation technology to reuse low-grade air from the HVAC system. This technology
makes the temperature at the internal surface of the window close to the indoor air
temperature, which would minimize heat exchange between indoor and outdoor. It invests
the relatively low temperature of return-air airflow in the air gap between glass panes of
the windows or curtain system to reduce the temperature of the air gap and the stagnant air
film on glass panels. The system uses two basic concepts related to window thermal design:
firstly, moving air has a higher ability to reduce surface temperature than stagnant air;
secondly, air resistivity has an inverse relationship with its temperature[22], [23], [24]. The
glass portion in any building envelope is considered weak, especially in high-rise buildings
where the entire envelope is the source of enormous heat inlet. The Energy Active Window
(EAW) solution does not affect the visual quality or reduce daylighting entering indoor

space, and all the system components are hidden in a specific frame.

1.3 — Aim & objectives

This thesis aims to assess and analyze the thermal performance of Energy Active
window/curtain (EAW) systems in reducing heat transfer through the building envelope in

the hot climate of Saudi Arabia.
The following objectives has been implemented to achieve the above aim:

1. To determine characteristics and properties of EAW.
2. To investigate the thermal performance of EAW under a hot climate.

3. To develop guidelines able to predict EAW surface temperature in hot climate.



1.4 — Scope and limitation

The focus of this work is to study the heat transfer of EAW as a system in the building by
studying variations of window surface temperature. It simulates window system thermally
and aerodynamically. On the other hand, experiments have been conducted to validate

results, taking the hot climate of Dhahran, Saudi Arabia as environmental case study.



CHAPTER 2

LITERATURE REVIEW

2.1 — Windows and building envelope characteristics

2.1.1 Aerodynamics characteristics

Building energy performance depends on several techniques, technologies, and strategies.
However, any method that does not reduce heat gain would fail in its cradle. Failure to
detect the root of heat gain through the building envelope and reduce energy consumption

is like evacuating the boat from water to avoid its sink rather than closing the leakage

spot[25][26].

For heat transfer from indoor to outdoor to occur, it needs a medium, which is air. However,
heat can be transferred to building through intentional processes, like HVAC system, or
through cracks and gaps, in other words, infiltration, which is defined by The American
Society of Heating, Refrigeration, and Air Conditioning Engineers (ASHRAE) as "the flow
of characteristics outdoor air into a building through cracks and other unintentional
openings and the normal use of exterior doors for entrance and egress "[27]. However,
infiltration is related to the physical characteristics of air, which tends to move from low
to the high-pressure area. On the other hand, airtightness is a building envelope feature that

is measured by a scientific quantification which is (m? /h-m?)[28], [29].

Indoor Air Quality (IAQ) is a critical factor to evaluate. On this basis, Dorizas et al. [28]
evaluated ventilation rate and IAQ on educational facilities in Athens, Greece, using
experiments and measurements comparing the results with the ASHRAE standard for
schools. They found that ACH in schools is between 7 to 8, where carbon dioxide was
slightly over the level, and that PM10 concentration is 10 times for most cases. They also
found that PM concentration is strongly related to student presence, that it has a high
concentration at working hours. Another study by Rackes & Waring[22] modelled the
impact of dynamic ventilation on TAQ in over six US cities, using multi-contaminant

models to simulate office areas in the US. They found that dynamic ventilation has a minor



impact on the concentration of Ozone & CO». nonetheless, they found a daytime
concentration of volatile organic compounds (VOC) increased between 7% to 14%

depending on the city.

Denny at al [16]. study the performance of cooling and heating systems is significantly
affected by the inclusion of nanopowders in the base fluids, the thermal characteristics of
the base fluid are changed by nanoparticles, improving thermal conductivity, however, to
lower the cover temperature and increase freshwater generation using a pump, the hybrid
nanofluid (A1203-Ti0O2) glass cooling flows across the glass. The temperature differential
between the zones of condensation and evaporation is increased by hybrid nanofluid cover
cooling. The natural convection heat transfer inside the solar still is increased using hybrid
nanofluid glass cooling. The boundary conditions of the convective heat transfer

coefficient and constant temperature.

When it comes to air movement its impacts on surfaces, such as window glazing glass
panes, variety of study related to this part being made, Gosselin et al [17] made study on
Airflow windows which have great potential to save energy and improve indoor air quality
indoor. Existing airflow windows use a single airflow path; however, their energy
efficiency can be investigated using multiple computational models. Double-glazed
windows with triple glazing can save more energy than single-glazed windows. However,
no suitable computer program can be used to evaluate the energy efficiency of dual airflow
windows. Their work presents a four-step computational method for determining airflow
and heat transfer through windows using both computational fluid dynamics (CFD) and
coded radiation calculations. Experimental testing on a full-scale dual airflow window
system was conducted to obtain various indoor and outdoor air and window surface
temperatures to validate the computer procedure. The agreement between calculated and

measured temperatures is largely acceptable .

Hieselberg et al [18] made a study on using fresh air represented in natural ventilation
systems to generate air flow within the window, they studied impact of such system on
thermal properties and other related factors like thermal comfort. They provided as

summary of their results made by experiment for two different type windows, they found
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air flow can be described by traditional theory for jets and stratified flow which models are

developed for estimation of thermal comfort parameters in the occupied zone.

Zhang & Yang [19] made study on impact of surface air movement on material emissions
that impacts of surface and discuss development on fabric emanations were explored
tentatively. Using a velocity-controlled system in real room environment focusing on
boundary air layer and its emission properties; It was found that fabric outflow rates are a
work of the surface wind current conditions: as surface discuss speed increments,
contaminants from materials deplete faster; the turbulent and situation incorporates a lesser

impact on fabric emanations .

Flowing the previous part Zevenhoven et al [20] made study on impact of relative humidity
and indoor temperature and its relation with exhaust air recovery system, and how it would
made impact in regarding of energy performance, they provide energy analysis to prove
their results, which show that running and building without reusage of moisture would loss
up to lkg/h, and therefore taking another factors in consideration would imply 10-15% of

total electricity use.

2.1.2 —Thermal characteristics of Window Systems

Window thermal performance is a crucial player in reducing heat gain in buildings.
Windows are the weakest surface in the building envelope, severely impacting energy
consumption, especially in high-rise buildings that usually use curtain walls. Such impact
may increase to its limit in a hot, humid climate in the climate typical of Saudi Arabia or

the Arabian Gulf in general.

Considering other building components, windows or curtain walls are made from two main
elements, which are glass part and frame which is made of aluminum in most of the time.
These two elements have a different attitude when it came to heat transfer, that aluminum
is good heat conductor, which one way to react to such a dilemma is by making double
framing and make air gap between them made by PVC also named as thermal break. Such

a way would reduce the heat transfer through the frame but would increase its initial cost
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and its wight on the building structure, moreover, the practice in country like Saudi Arabia
in these types of cases, is to use steel in the exterior frame and aluminum in the interior
frame for it structural needs. On the other hand, glass part is the main source heat the system
of curtainwall or window, that a poor design of the system’s element it would increase
thermal conductivity, therefore, increase heat loss or heat gain based on the climate,

without mentioning other type of issues like condensation.

R. Binions et al. [30] Study the use of Vanadium dioxide as a base for intelligent glazing.
Vanadium dioxide is a semiconductor metal with structural rutile and the potential to have
a palpable impact on optical characteristics and electrical conductivity, therefore it is
expected to have a favorable impact on thermal qualities. They also recommend that thin
vanadium dioxide sheets be made using chemical vapor deposition. The effect of the
chemical vapor on thermal performance and optical qualities was studied using X-Ray.
Temperature and color thermochromic qualities play a key influence in energy
performance for this sort of coating, according to the researchers. In terms of window
thermal performance, however, the coating and glass pane qualities are critical. Boman et
al. [31] Study the use of Vanadium dioxide as a base for intelligent glazing. Vanadium
dioxide is a semiconductor metal with structural rutile and the potential to have a palpable
impact on optical characteristics and electrical conductivity, therefore it is expected to have
a favorable impact on thermal qualities. They also recommend that thin vanadium dioxide
sheets be made using chemical vapor deposition. The effect of the chemical vapor on
thermal performance and optical qualities was studied using X-Ray. Temperature and color
thermochromic qualities play a key influence in energy performance for this sort of coating,
according to the researchers. In terms of window thermal performance, however, the

coating and glass pane qualities are critical.

Igbal et al. [32] They investigated anti-reflection coating for a specific temperature rate,
and they created multi-layer thin films that were sorted by optical qualities and structurally
described using a spectrophotometer and an atomic force microscope. They discovered that
x-ray transmittance is between 60% and 75%, and that there is no discernible variation in

crystal structure and roughness of coatings, which ranges between 9 and 25 nm when
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subjected to temperatures between 150 and 650 °Cs Celsius. They measure the thickness
of the film with energy dispersive spectroscopy. Energy scattered spectroscopy reveals a
0.67:1 ratio between Silicon and Oxygen as a result of several factors. Exterior convective
film coefficient for windows in low-rise buildings was measured by M.Yazdanian and
J.HKIlems[11]. To compress the data, they used both experimental and theoretical
methods. Despite this compression, data does not fit the employed model, such as the
ASHRAE/DOE-2 model. With various temperature ranges of the outside surface, the
experimental model based on The Mobile Window Thermal Test Facility (MoWiTT)
exhibits film coefficient. They discovered that the MoWiTT model may be used with a
low-rise building in the case study area when it comes to wind speed. To judge window

thermal performance logically, properties such as U value and SHGC must be investigated.

Brunger et al. [33] looked examined the heat gain coefficient of windows that had insect
screens installed. With a base case double glazed window, they took competitive
measurements for one type of insect screen. Nonetheless, this research was conducted in a
variety of climates. Insect screens may lower U-value by 7% and Solar Heat Gain
Coefficient (SHGC) by 46% when installed outdoors, while it can cut U-value by 14% and
SHGC by 15% when installed indoors, according to the researchers. Researchers, on the
other hand, are making more efforts to generate new ideas. Application of chemical
material properties starts making new generation of windows with relatively high
performance. Wilson et al. [34] investigated the window model using a selective sun
control screen with an air layer. Because silver is sensitive to oxidation and turns into a
black body, the model features a silver coating that reflects solar energy near the mid-
infrared regions. However, the oxidation rate is designed to be slow enough to be
acceptable, with a silver layer possibly placed between two glass panes to minimize the
amount of oxygen that diffuses through and reaches the glass layer, and to keep the oxygen
diffusion rate stable. On the other hand, Min Li et al. [35] investigated the use of CulnS2
thin films produced by electrodeposition and sulfurization. To characterize the film, they
employed X-ray diffraction, scanning electron microscopy (SEM), and energy dispersive

spectroscopy (EDS). The choline chloridehrea eutectic mixture was tested on large
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windows, which are commonly utilized. They discovered that, in comparison to aqueous
electrolytes, big windows that work by electrochemical technique have comparatively
good thermal stability, allowing direct electrodeposition of Cu-In precursor sheets and
scattering unwanted rays depending on their wavelength. Comparisons of variant
alternatives, on the other hand, are essential for stakeholders to make informed decisions.
In the United States, Gessert [36] talked about three different thin-film PV technologies.
Depending on the level of toxicity, he divides the PV surface alloy into three categories.
By 2030, these three modules are predicted to produce most of the PV-generated electricity
in the United States. To calculate the PV film's thermal performance, he consults literature.
In comparison to the other two alloy samples, he discovered that the fCdTe alloy had a

high rate of electric generation and a high-performance air film insulation rate.

Window condensation in residences and workplaces can be exceptionally troublesome. Not
as it were does it discourage the see through the windows, but moreover runs off to quicken
the disintegration of paintwork, outlines, and furniture.[37], [38] To assess and diminish
the hazard of condensation in buildings, expository and numerical models have been
created to calculate the longitudinal temperature dissemination of the indoor coating. It is
appeared that the temperature variety is essentially due to buoyancy-driven gas stream
inside the fixed walled in area. In any case, the window edge seal and outline have a
impressive impact on the temperature dissemination additionally on the U-value of the
window[39], [40], [41]. Estimations and a two-dimensional numerical arrangement have
been utilized to find out the cold bridge impacts of windows’ edge seals and outlines on
the temperature dissemination along the stature of the inward coating. This ponder takes
into thought all modes of warm exchange, i.e. convection, radiation, and conduction
experienced at the foot edge of the indoor coating. The examination gives a strategy for
measuring the condensation so common within the European and North American

climates[42], [43], [44].

12



2.1.3 —Thermal characteristics of Curtain Wall Systems

The curtain wall fagade has become a recognized symbol of modern architecture all over
the world. Insulated spandrels are added between glass sections of curtain wall systems
(CWS) to enhance their thermal properties and energy performance. There are, however, a
few notable space-technical limitations[15], [45]. First of all, frame systems support CWS
structurally. A curtain wall frame's inner length (internal projection) is correlated with the
structural requirements. Inner length is typically reduced when good structural
performance is not required. The interior length, however, also makes room for
insulation[46]. Due to this space issue, the inner length must still be increased to meet the
necessary insulation thickness even when good structural performance is not required.
Additionally, spandrel sections with large, insulated back panels are typically positioned
between slab/plenum regions of consecutive floors behind monolithic glazing or opaque
claddings, out of sight from building occupants. Otherwise, protrusions damage aesthetics.
As a result, the complete space for curtain wall fagade insulation installation has
historically been set aside for slab/plenum portions solely. As a result, the window-to-wall
ratio may increase or drop unfavorably, and design choice may be limited. Such thin
facades need for high-performance, thin insulation. Vacuum Insulation Panel (VIP), one of
the super-insulating materials now on the market, is a reliable insulator to incorporate into

curtain wall spandrels[47], [48].

Boafo et al [49] made study aims to provide a thorough analysis of CWS combined with
VIP as spandrel insulation. Depending on how much of them are prefabricated and how
they are constructed, The three main types of CWS are stick, unitized, and structural
glazing systems. Curtain walls and traditional windows are fundamentally different from
one another because windows are installed between floor slabs, but curtain walls are
anchored from a building's floor slabs and hang like a curtain. The VIP integrated into
CWS described in literature is made of a fumed silica core material and enclosed in a
metalized laminate (Si-VIP). Studies have shown that compared to solo VIPs, VIP spandrel
modules offered ten times the protection against severe accelerated aging conditions. The

idea is an approach to enhancing CWS's energy consumption footprint while extending the
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service life and in-service durability of VIPs. This work is the first cutting-edge review of
CWS integrated with VIP spandrels, as far as the authors are aware. Last but not least,

potential future research directions for VIP integration in CWS are examined[50].

On the other hand, fenestrations provide access to natural light and views of the outside,
but they are also the least thermally efficient part of a building's envelope, making them a
potential source of glare and unwelcome direct sunlight. With the right management
tactics, a well-designed fenestration system can drastically lower a building's energy
consumption while still providing its occupants with a suitable indoor climate. Feng et
al[51] conducted study where window design studies for high-performance buildings are
reviewed and analyzed. These studies could be seen as decision-making procedures to
reach the window performance objectives by regulating several design variables (e.g.,
location and dimensions of windows, glazing type, etc.). The decision-making
methodologies of window systems are categorized and analyzed to present a thorough
review, where we present a detailed analysis of sequential knowledge-based design
methods and simulation-based optimization methods. First, an overview of the design
options that are currently available for window systems is presented. Finally, to support
the development of all autonomous simulation-based optimization design approaches for
high performance fenestration systems, relevant obstacles and future research directions

are highlighted and examined.

In order to meet the growing demand for environmental comfort and the urgent need to
improve energy efficiency of new and existing buildings, it is necessary to conduct a
detailed analysis of the features and specifications of the structure[13], [52]. This analysis
will be transparent closures towards technological solutions that can guarantee, in addition
to a maximum level of thermal insulation, the ability to control the incoming solar radiation
or produce electrical energy. A new class of very creative glazing systems is making its
way onto the market thanks to significant advancements in the field of materials science,
largely through utilizing crucial enabling technologies like nanoparticles or smart
materials. One of these cutting-edge technologies is active dynamic glass, which increases

thermal comfort and visual comfort for occupants by adjusting the quantity of near-infrared
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radiation and visible light that enters the building. Casini [53] provides article thorough
analysis of active dynamic glazing technologies currently available or under development,
such as electrochromics and gasochromics, as well as additional cutting-edge technologies,
such as nanocrystal in-glass composites, electrokinetic pixels, elastomer-deformation
tunable windows, and liquid infill tunable windows, comparing them in terms of operation,
performances, and the potential for use in buildings, and providing pertinent data to help

readers understand the effects on energy.

Shoeibi et al[54] made study on the performance of cooling and heating systems is
significantly impacted by the inclusion of Nano powders in the base fluids. Because they
change the base fluid's thermal characteristics, nanoparticles improve thermal conductivity.
In order to analyze the glass cooling of a double-slope solar still numerically, a hybrid
nanofluid (Al1203-TiO2) at a concentration of 0.4% is used in this research. Utilizing a
pump, the hybrid nanofluid (AI203-Ti02) glass cooling lowers the cover temperature
while increasing freshwater production. The temperature differential between the
evaporation and condensation zones is increased by hybrid nanofluid cover cooling. The
solar still's internal natural convection heat transmission is increased by the use of hybrid
nanofluid glass cooling. The boundary conditions for the glass cover and water surfaces of
the solar still are thought to be the convective heat transfer coefficient and constant
temperature, respectively. According to the simulation results, using hybrid nanofluid glass
cooling boosted solar desalination's freshwater production and energy efficiency by
11.09% and 28.21%, respectively, as compared to using sun desalination without hybrid
nanofluid. The CFD simulation predicted that 0.45% was the ideal value for nanoparticle
concentration. Additionally, a freshwater production estimation model for solar
desalination with hybrid nanofluid glass cooling was created and validated. Additionally,
solar desalination with hybrid nanofluid glass cooling improved the environmental and

exergo-environmental parameters by 12.45% and 3.71 times, respectively.

Casagrande[55] study the recent dynamic events, like the earthquakes in Alaska and San
Fernando, have exposed flaws in current facade design methodologies, which are made

worse by the incidence of non-structural component damage and failure when exposed to
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extremely high wind loads or seismic events. As a result, the current work investigates the
facade performance while examining the viability of an innovative and cutting-edge
dissipation technique. Numerical models are first used to analyze and replicate the reaction
of two full-scale fagade modules tested in experiments at the Construction Technologies
Institute (ITC) labs of the Italian National Research Council (CNR). Then, complex 3D
finite element models are calibrated to learn more about the fundamental processes behind
the dynamics in facades. Then, creative curtain wall joints are created employing Shape
Memory Alloys' (SMA) unique qualities, such as super elasticity and the shape memory
effect, with an emphasis on enhancing the overall structural behavior and improving the
performance of the fagade's energy dissipation. Finally, both globally and locally, the
improvements are illustrated. On the one hand, conventional and new curtain wall force-
drift capacity curves are compared. On the other hand, the effectiveness of the suggested

device, when erected on a reference structure, is proven.

Better thermal performance provided by high performance glass, such as low-E coated or
heat reflecting glass, prevents unwanted heat input or loss when a building is being used.
These coatings can cause glare issues for neighboring structures and may not be as effective
in some temperature zones. In order to give a sustainable alternative to a high-performance
glass wall, a transparent composite facade system (TCFS) was recently developed.[49],
[54] The airspace between the polymer skins serves as an appropriate insulating layer, and
the biofiber composite core operates as a shading mechanism. To evaluate the
environmental effects of a TCFS with a glass curtain wall system, Kim[56] made a
comparative life cycle assessment (LCA) technique was chosen (GCWS). In this study, the
energy use and CO2 emissions of a fagade system are used to assess its environmental
performance over the course of its whole life cycle. The overall life cycle energy of the
TCFS is assessed to be 93% of that of the uncoated GCWS, and the total emissions of kg
CO2 equivalent for the TCFS are calculated to be 89% of the uncoated GCWS, according
to comparative LCA data. While this analysis estimates the impact of transportation and
end-of-life management to be negligible, the usage phase for both the TCFS and GCWS

plays a major role in decreasing environmental consequences. The life cycle inventory data
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and analysis findings presented in this study are anticipated to help designers understand
how to choose building materials and enhance systems from the perspective of the whole

life cycle.

Because of its various benefits, the curtain wall system is frequently utilized in high-rise
structures. The development of curtain wall systems now heavily weighs thermal
performance due to the rising need for buildings to be more energy efficient. The
percentages of the frame out of the total curtain wall area have not been taken into account
in measuring its thermal transmittance, despite the fact that the relative influence of the
edge effect becomes more significant as the thermal performance of glass and the frame
increases[51], [53], [57]. Bae et al [58] made study aims to assess how the frame ratio
affects the thermal transmittance of the curtain wall system. The condition of the curtain
wall frame ratio is examined by looking at freshly built office buildings. Eight instances
with various frame ratios and three distinct glazing U-value types were chosen, and
TRISCO 12.0W was used to determine each case's total thermal transmittance of the
curtain wall (Ucw). This study discovered that the thermal transmittance of the curtain wall
system increases when a greater frame ratio is used. Furthermore, when high performance
glass is used with the curtain wall system, the frame ratio has a significant impact on the
thermal transmittance of the curtain wall. It is advised that, for a more realistic building
energy simulation, the precise Ucw value considering the actual frame ratio be given

together with the certifications of the curtain wall system.
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2.1.4 —Heat transfer characteristics of Curtain Wall Systems

Minimizing thermal heat gain/loss through windows or curtain wall or fenestration in
general and maintaining large glazing areas to provide adequate natural lighting in
residential buildings are essential considerations for modern architecture, sustainability,
and indoor comfort. However, many research works are trying to provide a solution to
decrease heat gain through windows. Barth et al. [59] completed a study on various types
of flexible solar control window films for retrofit and original equipment. They want to
figure out how to use solar energy wet chemistry and vacuum coatings to regulate heat gain
and highlight the importance and impact of flexible window film as a method for doing so.
They compared a 3M window porotype patent with ordinary 3-mm window glass using
WINDOW software. Absorbance, transmittance, and reflectance are the three parameters
they measure. They discovered that such a window would have a reflectance percentage
that was nearly identical to the basic scenario. Furthermore, they discovered a 35 percent

improvement in transmission and absorption within a short wavelength.

The usage of glass curtain walls in contemporary architecture is expanding. However, after
being subjected to seismic vibrations, they occasionally displayed damage, which might
result in severe risks to pedestrian and building occupant safety as well as large financial
losses to owners owing to downtime and repair costs. In order to improve the capacity of
designers and manufacturers to deal with the seismic susceptibility of glazed systems and
reduce earthquake-induced losses, this effort attempts to explore how such systems behave
under seismic stresses. Aiello et al[57] made study demonstrates the results of cyclic
experimental tests conducted at the Construction Technologies Institute (ITC) of the Italian
National Research Council (CNR) for the evaluation of the seismic performance of a full-
scale aluminum-glass fagade that was developed and produced using a standard technology
for the European market. Using data from experiments, a non-linear finite element model
has been calibrated. The goal is to get a deeper knowledge of certain lateral behavior
characteristics of these non-structural parts while also providing helpful data for numerical
simulations of comparable fagades, which in the near future should be carried out even in

the absence of experimental data.
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2.2- Exhaust Air Recovery (EAR) system in buildings

The concept of investigating the reuse of Exhaust Air (EA) majorly started in Sweden and
Germany in the late 1970s. In both countries, codes, regulations, and energy crises were
the primary motivation to adopt such a concept. [60]. Later research by Zhang et al. [61]
investigated design optimization in using EA in air gaps of cavity walls. Zhang is leading
the EA recovery technologies nowadays to increase the resistance of building envelopes.
Exhaust air insulation walls inject EA within porous material to improve insulation
material performance, pointing out the shortage of previous works and studies and its
expected impact on EA performance in the cavity wall. However, they provide a numerical
estimation of energy-saving potential when considering pressure loss in the exfiltration
process. Their study finds a strong relationship between pressure loss and total energy
saving. Moreover, they found that high permeability and thermal resistance have better
performance when used with EA in the wall system[61]. EA was majorly used in heating
and cooling application. An indirect evaporative cooler that uses EA was numerically
tested in China, considering energy transferred for the type of indirect evaporative coolers.
However, using such a system increases heat transfer capacity by around 45%([62]. There
were extensive research and studies in using EA to reheat buildings, especially in
Scandinavian countries, where the EA heat pump was born due to the prohibition of direct

electric heating[60].

A novel dual-cylinder rotary compressor with independent suction and discharge ports was
designed by Jia et al [63] to drive an inverter parallel-loop exhaust air heat pump because
the interior space of residential buildings is constrained, particularly in building retrofits.
This will improve the utilization of the interior space and the efficiency of the exhaust air
heat recovery system. The improved approach is suggested and experimentally validated
by tests and analysis of the parallel-loop exhaust air heat pump system operating
characteristics under changing compressor frequency and varying fresh air volume flow
rates. The seasonal performance factor and seasonal average input power under the
suggested yearly energy-efficient operating plan in three representative

countries/organizations were then computed. Results indicate that using a mixed air supply
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strategy during the winter can significantly increase the system COP. When the fresh-to-
return air ratio is 1:1 and the outside temperature is below 5 °C, the system's coefficient of
performance (COP) attained 10.18, the highest value among the studies that are relevant to
this one. By raising the ventilation volume flow rate during the summer, the system COP
is raised. The heating season performance factor, heating season average input power,
cooling season performance factor, and cooling season average input power are,
respectively, 7.22, 0.6909 kW, 2.83, and 0.8167 kW when the operation of the parallel-
loop exhaust air heat pump system complies with GB 21455-2013 and the energy efficient
operation plan to ensure the temperature effectiveness over 100%. The research would
offer recommendations for the design of a residential building's exhaust air heat recovery
system. one. By raising the ventilation volume flow rate during the summer, the system
COP is raised. The heating season performance factor, heating season average input power,
cooling season performance factor, and cooling season average input power are,
respectively, 7.22, 0.6909 kW, 2.83, and 0.8167 kW when the operation of the parallel-
loop exhaust air heat pump system complies with GB 21455-2013 and the energy efficient
operation plan to ensure the temperature effectiveness over 100%. The research would
offer recommendations for the design of a residential building's exhaust air heat recovery

system.

The issues with indoor comfort and energy consumption in solar buildings, such as
overheating of BIPV systems, excessive cooling load, and cold-heat offset of HVAC
systems, have attracted a lot of attention. Yayun [64] made study suggests an innovative
exhaust ventilation double-glazing PV curtain wall system (EVPV) coupled with an air
handling unit (AHU) based on waste heat recovery to address these issues (HR). This
hybrid system uses exhaust air as a coolant to cool the PV curtain wall. In addition, the
exhaust air is recycled to precool the fresh air and preheat the dew-point supply air. Thus,
solar energy is gathered, transformed into heat and electricity, and effectively recovered as
thermal energy. The method produces more power, uses less energy for cooling, and saves
significantly on reheating. A case study based on a restaurant building in Hefei with a

south-facing EVPV and one with a non-ventilation BIPV facade system without HR is
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undertaken to fully forecast performance (NVPV). Based on the validated model, the
results of a typical summer week operation show that the EVPV system can accomplish
the following: (1) 7.87 kWh/day power generation; (2) 7.68 kWh/day heat recovery from
the PV double-glazing facade; (3) 8.41 kWh/day mitigation of reheat demand; 2.97
kWh/day reduction of room cooling load; 39.94 kWh/day fresh air-cooling capacity; and
(4) additional fan power of 16.29 kWh/day. Overall energy consumption is decreased by
63.12 kWh/day (19.26%) by integrating the PV curtain wall with the AHU utilizing HR.
Investigations are done into how the electrical and thermal behavior of EVPV is affected
by the air cavity depth and PV coverage ratio. The findings imply that 0.08 m air cavity
depth and a greater PV coverage ratio provide the building a more attractive potential for

energy savings.

Bai et al [65] made research examined heat recovery technologies and how they may be
used in chilly residential buildings. Improved insulated and airtight structures are the
outcome of the increased efforts to reduce building energy usage in recent years. Poor
indoor air quality can be caused by reduced infiltration because of inadequate ventilation
rates. An energy-efficient mechanical ventilation system with heat recovery promotes good
indoor air quality while consuming little energy in cold conditions by supplying regulated
airflow rates. This is especially crucial during the heating season when windows and doors
are often shut to maintain a comfortable inside temperature. This analysis looks at the many
heat recovery techniques used in homes, including cutting-edge methods designed for cold
locations. Different criteria were used to compare these technologies. Heat exchangers used
in cold climates have a tendency to frost, which lowers their efficiency. In this review,
several frosting management techniques, such as frosting prevention and defrosting, were
covered. The current frost control methods either result in poor indoor air quality or higher
energy costs. Finally, the impact of mechanical ventilation with heat recovery on interior
air quality was discussed. Future research recommendations are put forth considering the

current review.
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2.3- EAW in buildings

EAW falls under the airflow windows category, which has good energy-saving potential
and plays an excellent example of reusing building wastages. In this case, EA is being
recycled to reduce the gap between the curtain system and the indoor air temperature.
Moreover, airflow windows improve daylighting performance, indoor air quality, energy
conservation, and management. EAW is the best airflow window to reduce cooling
load[66]. Nonetheless, the EAW central concept is being operated by a forced convection
system, unlike other airflow windows, which use free or passive convection technology to
move air through the window system. Airflow windows can be divided into supply,
exhaust, indoor curtain and outdoor curtain; however, all airflow windows use buoyancy

force to operate, in one way or another.

There were varieties of techniques, technologies, and strategies engineers and architects
are trying to investigate to reduce the energy consumption of built environments.
Nonetheless, when it comes to the building environment, reducing heat transfer indoors,
infiltration and exfiltration, and ensuring airtightness are critical factors in reducing the
size of the HVAC system, which is the leading energy consumer in buildings[29], [67].
Windows that use the airflow concept can conserve energy and improve indoor air

quality[68].

Zevenhoven et al. [21] studied the energy performance and efficiency by focusing on
minimizing heat exchange indoor and outdoor, taking air humidity as a focal point; they
investigate using exhaust air windows as a strategy of EA recovery, which is heated by a
geothermal heat pump. Using experiment in a condition of 22 °C and relative humidity of
50 or 30%, where inlet and outlet temperature and humidity are variant in each experiment
made, they found that 1kg/h of moisture water may be lost during the process. However,
such a system may conserve 15% kWh of electricity due to their calculations. Nonetheless,

EAW can use EA from a traditional HVAC system to insulate building envelopes.

Zhang et al. [69] investigated a triple glazed exhaust-air window (TGEW), which can
switch between cooling mode and heating mode in different seasons, and experiments were
conducted to validate the outcomes of 2D numerical simulation. they found that the
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conventional triple-glazed window (TGW) reduces cooling load by 25%, heating loads up
to half. Prior to this study, they proposed a new switchable window system with two
cavities; using a numerical simulation within Wuhan weather conditions, they found that
it could reduce heat gain by 2% more than conventional TGW in summer and 28% in
winter[70]. Jennifer et al. [71] proposed CFD simulation with the four-step computational
method in line with full-scale experiments to evaluate airflow windows and computational
fluid dynamics to calculate flow and temperature without considering radiation. It was

replaced by a calculation formula to estimate surface heat exchange radiation.

The energy-saving potential of dual airflow windows under five different climate zones in
China was simulated through the EnergyPlus model for middle-sized apartments.
Nonetheless, applying Low-E and blinders reduces the heating load by 16—48% based on
the climate[68]. Generally, airflow windows can be divided into supply, exhaust, indoor
curtain and outdoor curtain, as illustrated in Figure 1. However, it can be noticed that EAW
has good performance in reducing the heating load in winter, but these outcomes need to
be improved to be more attractive to be used and risk installing such a relatively new

concept in any building, especially in a hot, humid climate.
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Fig. 1. Existing airflow window types: (a) supply mode, (b) exhaust mode, (c) indoor air curtain and (d)

outdoor air curtain.[71]
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Nourozi et al. [66] published a paper investigating the thermal performance of airflow
windows in Scandinavian countries in collaboration with researchers from the Swedish
Royal Institute of Technology .They present an innovative EAW's winter performance that
utilizes low-grade energy, such as waste heat in a sealed air loop between the
windowpanes .The purpose of using EAW is to utilize waste heat to maintain higher
window-surface temperatures in winter. This technology converts conventional passive
windows into an energy-active component. In addition, based on the literature review, it
has a tangible effect on reducing building heating demand, improving indoor thermal
comfort, and reducing peak heating demands. This paper is based majorly on numerical
models and literature review. Taking TGW as a base, they found that the temperature
difference between the outer windowpane and inner one would reach up to 25 C based on
indoor and outdoor conditions. The same value would be reached for the difference
between air temperature at the inlet and outlet. Moreover, the variations in supply (injected)
air temperature are the main factor affecting the U-value of the energy-active window that
to maintain a low U-value, the supply air temperature to EAW must be above the indoor

temperature.

2.4- Other related windows system technologies in buildings
Li and Tang [17] made a novel brand-new double-circulation water-flow window that

combines sun shading, indoor cooling/heating, and solar thermal collector functions. They
create their own simulation program and use to assess performance year-round. They found
that window is effective at collecting solar thermal energy in cooling-dominant regions and
uses low-grade geothermal energy to provide additional heating/cooling in winter and
summer. The window can collect 21.25% of the total incident solar energy at a flow rate
0f 0.005 kg/s; this amount can be increased to 28.76% by using colored water with a higher
solar absorptance. The window uses 174.27 and 64.76 kWh of geothermal energy per unit
area per year for indoor cooling and heating. The current work presents a workable method
for modeling and assessing the overall performance of an active window, which integrates
the use of geothermal and solar energy in a single building envelop. Furthermore, rather

than emphasizing the window component itself, the authors focused on beneficial indoor
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heat gain/loss through windows, which favors the energy savings in air conditioning
systems. The numerical model can be used in building energy simulation software to aid

in the design of environmentally friendly structures.

Casini[16] made a comprehensive study to meet the urgent need to increase energy
efficiency of new and existing buildings as well as the rising demand for environmental
comfort, it is necessary to conduct a thorough analysis of the features and specifications of
each building. His analysis focuses on technological solutions that can guarantee maximum
thermal insulation as well as the ability to control solar radiation or produce electricity. A
new class of extremely inventive glazing systems is approaching the market primarily by
utilizing important supporting technologies like nanoparticles or smart materials, thanks to
the enormous advances made in the field of materials science. One of these cutting-edge
technologies, active dynamic glass, enables for considerable energy savings as well as
improved thermal and visual comfort for occupants by adjusting the quantity of incoming
near-infrared radiation and visible light. His article compares the operation, performances,
and building application potential of active dynamic glazing technologies that are currently
available or under development, such as electrochromic and gasochromics, as well as
additional emerging technologies, such as nanocrystal in-glass composites, electrokinetic
pixels, elastomer-deformation tunable windows, and liquid infill tunable windows, while

also providing pertinent data to help readers understand the effects on energy.

Considering that buildings need energy produced by fossil fuels to meet their demand for
artificial lighting, heating, and air conditioning. It is feasible to reduce this building's
energy use by using modern, switchable smart windows that are energy efficient. Currently,
electrochromic (EC), suspended particle device (SPD), and liquid crystal are the three types
of electrically triggered switchable smart window systems (LC). While SPD and LC need
an alternating current (AC) power supply, EC operates with a direct current (DC) power
supply. These three window technologies' specifics (working principle, window
characteristics, and potential for building energy savings) have been studied in this paper.
Another desirable tactic is to power them with PV systems using highly insulated

switchable smart windows. Smart windows, however, require stakeholder support, from
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the government and building control code, in order to successfully enter the building

industry[15].

Enhancing energy efficiency in the construction industry is achievable in both residential
and tertiary buildings thanks to electrochromic technologies for smart windows. The ability
to dynamically modulate a glazing's spectral characteristics throughout the visible and
infrared ranges of wavelengths enables one to adjust the glazing's thermal and optical
behavior to the constantly shifting environmental circumstances of the building's location.
This makes it possible to control how much solar radiation gets inside the structure. The
scientific literature is still exploring the numerous benefits that follow, which are
numerous. In "cooling dominated" climates, especially, the reduction in energy
consumption for summer air conditioning (and artificial lighting, too) becomes significant
and reaches high percentages of savings compared to conventional transparent windows.
On the other hand, the continuous adaptation of the optical properties of the glass to
changing external conditions allows for the setting of appropriate management strategies
for the smart window, in order to offer optimal Beginning with an examination of the
primary architectural designs of the devices already on the market, this review's objective
is to critically evaluate the pertinent literature pertaining to the advantages obtained in

terms of energy consumption and aesthetic comfort[45].

Tavares et al[46] made evaluation of energy performance electrochromic windows in
Mediterranean climates considering renovating older buildings which crucial for boosting
building energy indicators on a worldwide scale. This setting serves as the backdrop for
the article, which focuses on potential energy savings associated with electrochromic (EC)
windows, an intriguing new technology that may be used in place of shading mechanisms
to reduce solar gain in structures situated in Mediterranean climates. A brief introduction
to the EC windows technology is given, and the discussion of the glasses' optical property
modifications according to the operating range follows. The ESP-r building simulation
program models and uses the various control schemes and the dynamic behavior of EC
windows. Examining various ambient characteristics (external dry bulb temperature,

interior dry bulb temperature, and incoming radiation) as well as set points for the EC
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control, the effect of EC windows on the energy requirements for heating and cooling is
investigated. Through the analysis of the energy requirements for heating and cooling, a
comparison of various window solutions (single, double-glazing, and electrochromic
windows), the type of building, internal gains from occupancy, lighting, equipment, and
the orientation of windows are taken into consideration for discussion. It is found that using
the electrochromic on the west facade produces the most favorable outcomes for this
climate. The findings indicate that there are no appreciable benefits to utilizing EC

windows on the south fagade.

Systems for active building envelopes are a novel type of enclosure that utilize solar energy
to offset passive heat gains or losses from building envelopes. Photovoltaic cells are used
in ABE systems to transform solar radiation energy into electrical energy. Several solid-
state thermoelectric modules powered by this electrical energy are then employed to
regulate the enclosure's heat flow[53], [56], [58]. Xu and Dessel [48] have created a
prototype ABE window-system and an outside testing area in order to evaluate the viability
of ABE systems in real-world applications. The temperatures, solar radiation, current, and
voltage of the ABE system were measured using a testing device. Results from theoretical
and experimental studies are shown and contrasted. Finally, the ABE window-performance

systems were assessed.
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CHAPTER 3

METHODOLOGY

In order to evaluate the performance of EAW, developing an experimental and simulation
methodology is essential to measure energy-saving potential. Experiments on the pilot
alternative window have been conducted in a well-controlled environment, while CFD and
thermal simulation has been applied, and results has been compared for validation.
Nonetheless, Computational Fluid Dynamics (CFD) has become a potent tool for engineers
and architects to simulate building aerodynamics with a low margin of error, without
difficulties of air tunnel experiments. CFD can help simulate building behavior under high-
speed winds. The fire spread scenarios in buildings, the rate of infiltration of building

envelope etc., when it comes to CFD application to building airtightness.

On the other hand, building envelope cracks and tightness relate to the energy consumption
rate. Casado et al. [72] conducted a study to evaluate and highlight links between energy
consumption and uncontrolled airflow in residential buildings in Spain. They use the
blower test to assess over nine provinces with different environmental conditions. After
analyzing data, they found that infiltration impacts the heating load's 2.4 to 19 kWh/
(m2.y). Nonetheless, when it comes to CFD, an application to measure thermal window
performance, much research works, and numerical models are being developed to match
European and international standards. Malvoni et al. [26] made CFD simulation on window
performance according to UNI EN ISO 10077-2, and they used GAMBIT 2.2 and ANSYS
FLUENT 14.5 CFD code to evaluate the thermal performance of wooden and aluminum
frames. However, their study provides a CFD model able to predict evaluate windowpane
with a low margin of error. The flowchart illustrating the methodology used in this study

is shown in Figure 2.
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First step of the methodology is to conduct a literature review on window and curtain wall
systems and their performance and issues on hot climate in areas like Saudi Arabia, also
investigate results and procedures done to study their thermal aerodynamical properties.
Moreover, literature review was scoping on field of recovery system considering that EAW
can be categorized as passive recovery system. On the other hand, literature review isn’t
limited scientific papers only, that real life data or manufacturer survey been created by
making limited study on suppliers and manufactures of curtain wall system in Saudi
Arabia, considering their opinion and comments in regard of technical detail, also for
HVAC engineers and supplier in regard of recovery system, to create the concept of the
proposed curtain wall/ window if any; secondary data was collected from governmental
records in regard of rate of energy consumption and upcoming urban plans, laws,

regulations related the topic.

Second part of the methodology will be conducting the CFD simulation and experiment,
by specifying the air and setup in detail for both, simulation, and experiment. Nonetheless,
variety of alternative will be tested and simulated, to study impact of different factors, such
as air velocity, air pressure, air gap, air temperature, different outdoor temperature, with
and without solar radiation ...etc. to get the best combination of alternative which would

give the best performance in form of reduction of glass surface temperature.

Nonetheless, experiments and simulation were evaluated and to have solid results, and
margin of error of both were calculated, moreover, results were validated with literature

review to increase the reliability of the outcomes.
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3.1-Research Procedure

3.1.1- Experiment procedure

A reduced scale experimental model has been made in line with general requirements of

American Architectural Manufacturers Association (AAMA), to measure the impact of

moving air between glass pane, and investigate it impact on window thermal performance

considering it surface temperature as judging tool. to achieve that the following

experimental procedures has been implemented:

L

II.

III.

IV.

A detailed window model has been specified based on typical characteristics from
the industry and literature.

An air blower has been mounted at the top of the air gap to play the role of return
system in the building, that there has been no return system in the building at all,
considering that all the return air has been used for cooling the window/curtain .
Thermocouples were installed to measure surface temperature of glass, as it will
the main evaluation factor for each alternative.

Several alternatives have been studied, such like but not limited to air velocity, air
pressure, air gap, air temperature, different outdoor temperature, with and without
solar radiation. For each factor tested all other variable were fixed.

An Experiment on one pilot alternative has been conducted to validate simulation

results.

Nonetheless, due to novelty of this research, variant trials and models were made to get

best results, however, any variation may occur will be described individually in detail.
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A scaled model has been tested within controlled environment, as illustrated in Figure 2.1,
to simulate indoor and outdoor conditions, considering temperature, and air velocity. The
experiment used forced air movement, considering average return air temperature,
humidity, and velocity from HVAC system based on multiple case studies of high-rise
buildings in Saudi Arabia during summer only, which is usually hot with extreme humidity
reaching up to 80%. The glazing area is 1-meter width and 1- meter wide. A double clear
glazing system with a thickness of 6 mm. There was one airflow inlet and one flow outlet,
distributed along the entire window's frame. However, the supply air at a relatively low
temperature was injected from the top while the sucking fan has been placed in the bottom;

Figure 2.2 & 2.3simplifies the working principle of EAW.

Moreover, thermal testing of certain window specimens can be confusing when dealing
with researchers, engineers, architects, and others who retrofit or investigate buildings
energy saving. There are two US testing procedures for windows to determine thermal
performance. The American Architectural Manufacturers Association (AAMA) and the
National Fenestration Rating Council (NFRC). U-Value describes thermal conductivity,
the heat flow through the glazing, expressed in BTUs per hour per square foot per degree
Fahrenheit temperature difference. The lower the U-value, the better. The U-value is
calculated for the entire window, including the frame material and the glass. The test
procedure includes a little airflow on the test specimen (15 mph). Therefore, an operable

window with the same glass type as a fixed window will have a higher U-value rating.

An environmental room with a variety of designs has been created using Scm foam to
isolate heat with two aluminum foil layers to prevent radiation. The chamber representing
outdoor condition will have 45°C Temperature (T) represents the thermal condition in
Saudi Arabia at mid-summer, in hot, humid coastal cities like Dammam. On the other hand,

the indoor chamber has T=24 °C.

A Temperature & Humidity Controller (THC) has been used to give the required thermal
condition, which may change based on the performance of the window system and
condensation rate. It is expected to eventually provide recommendations for heat and RH

that suit such a system.
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Air inlet temperature has been air exhausted from the HVAC system, which varies from
24c to 28c. The isothermal frame double clear glass windowpanes have been the
experiment specimen. Thus, the frame impact on heat transmittance will not be considered

due to huge factors, and variants could show in experiments or simulations.

Moreover, the THC will generate the necessary thermal condition in both chambers, as the
rate of heat transmittance has been measured by on surface temperature sensor. The
temperature gradient has been measured until it reaches a constant heat exchange rate
between two glass panes. The RA flow rate will vary from 1m?®/min to 1.1 m*/min flow
between them. That difference in temperature between two panes surfaces has been the

main indicator of its performance in this study.

Exhaust Air From HVAC System

Fig. 2.2 The working principle of the EAW system
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Fig. 2.3 The working principle of the EAW system
The first experimental model was made of Scm foam, and consists of on dehumidifier and
heater, attached with humidity controller and thermal controller as shown in figure 3. These
controllers work by direct voltage inlet system, that when the sensor attached with it
reaches the required temperature or humidity it stops the current/voltage from flowing to
the electric device connected with it. It has high creditability, and it was used in variety of

organizations, companies, and industries.

Nonetheless, the foam chamber was representing the outdoor temperature, with size of 1
cubic meter, while the indoor temperature was represented by the surrounding temperature,
in other word the ambient environment where the experiment was conducted, that it has
the ideal condition to represent the indoor temperature, with RH is 20% to 24% and
temperature is 24.1 to 24.4 Celsius, which matches the AAMA requirements.

On the other hand, a fan that blows air perpendicularly toward glass with rate of 4m/s has
been installed, to match the requirements of AAMA. The glass portion was in size of 1.1m
x 1.1m, that the experimental area is 1 square meter, and the remaining 10 cm to frame the
window and create the needed gap. The gap in this model has width of 2 cm for
constructability reasons. When it comes to air filled in the air gap, it was inflated with rate
of 0.0183 1.1 to 1.15 m¥/ s and speed of 4m/s, with constant rate along the 1-hour time

span. The surface of the window which represent the outdoor side, was heated to reach 50
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°C, while the indoor temperature reached 43 to 44 °C. This process was kept for 1-hour to
ensure that it reaches thermal steady state, however, it could go for more than 2 hours
sometime to reach the steady state, which is determined by having negligible change in the
indoor window glass pane. Then, the air was pumped within the air gap between glass
panes, and the sensor attached with the indoor window to start recording the temperature
difference. These measurements were recorded at three minutes intervals within until the
temperature is constant an there is no tangible variation in temperature for 30 minutes’
period. It normally takes only 30 to 45 minutes to reach the steady state, but in some rare
cases it extends to 60 to 70 minutes, based on experiment condition and parameters.
Nonetheless, humidity ratio in hot chamber that represents the outdoor condition was 15%,

that AAMA recommend keeping it always under 30%.

Figures 5 and 6 show the temperature and humidity controllers. The temperature controller

can work in range is -50~120 °C / -58~248 ° F with high accuracy: = 1 ° C (-50 ~ 70 ° C)
/+1°F (-50 to 160 ° F). Dual display window is displayed in a position to the measured
temperature and set temperature simultaneously. Figures 6 & 7 show the setting and
installation methods of the experimental setup and setting method with safe and reliable
dual relay output humidity controller. Its plug-n-play designed, dual LED screens enabling
more humanized. IHC-200 can control any 100-265-volt.
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Fig. 3.1 Experiment model 01
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Fig. 4. Temperature and humidity controllers
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Fig. 5. Temperature controller setting method
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Reduced scale experiments will be discussed, and the difference between each trial and
model will be described in detail. Moreover, results will be extracted and discussed, and
based on each trial outcome, the next trial be sort of reaction toward it, weather to explain
the reason behind and odd outcome to get a bitter result or investigate impact of variant
value of certain factor. Table 1.1 shows all the experiments, models, and different trials;

nonetheless, only the major experiments will be detailly discussed.

NO. | Model /Trial Name Description Results
controlled outdoor environment, with Imx1m, 6°C increment of inner
1 Model 01 (Trial 01) | window size, 2cm air gap, outdoor temperature of .
o window surface
50 °C
controlled outdoor environment, with 1mx1m, 5°C increment of inner
2 Model 01 (Trial 02) | window size, 2cm air gap, outdoor temperature of .
o window surface
80 °C
controlled indoor and outdoor environment, with 6°C increment of inner
3 Model 02 (Trial 01) .5mx0.5m, window size, 2cm air gap, outdoor .
R window surface
temperature of 50 °C
controlled indoor and outdoor environment, with 3°C increment of inner
4 Model 02 (Trial 02) .5mx0.5m, window size, 4cm air gap, outdoor .
R window surface
temperature of 50 °C
controlled indoor and outdoor environment, with 3°C increment of inner
5 Model 02 (Trial 03) .5mx0.5m, window size, 4cm air gap, fill from .
. window surface
below, outdoor temperature of 50 °C
controlled indoor and outdoor environment, with 3°C increment of inner
6 Model 02 (Trial 04) .5mx0.5m, window size, 4cm air gap, indirect .
. o window surface
heating, outdoor temperature of 50 °C
controlled indoor and outdoor environment, with
7 Model 02 (Trial 05) .5mx0.5m, window size, 4cm air gap, allowing 3°C ir?crement of inner
surface temperature to cool up, outdoor window surface
temperature of 50 °C
controlled indoor and outdoor environment, with 2°C increment of inner
8 Model 02 (Trial 06) .5mx0.5m, window size, 10cm air gap, outdoor .
R window surface
temperature of 50 °C
Model 02 controlled indoor and outdoor environment, with
9 Alternative .5mx0.5m, window size, 2 cm air gap, outdoor 5°C increment of inner
Experiments (Trial temperature of 50 °C, creating high- and low- window surface
01) pressure points
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Model 02

Experiments (Trial

.5mx0.5m, window size, 2 cm air gap, outdoor
temperature of 50 °C, measuring heat loss with

controlled indoor and outdoor environment, with
10 Alternative .5mx0.5m, window size, 2 cm air gap, outdoor 1°Cincrement of inner
Experiments (Trial | temperature of 50 °C, Low air inlet temperature at window surface
02) 18°C
Model 02 . . .
. controlled indoor and outdoor environment, with o - .
Alternative . . . 2°Cincrement of inner
11 ) . .5mx0.5m, window size, 2 cm air gap, outdoor .
Experiments (Trial . window surface
03) temperature of 50 °C, No surface thermal control
Model 02 controlled indoor and outdoor environment, with
Alternative .5mx0.5m, window size, 2 cm air gap, outdoor 1°C reduction of inner
12 ) . o ns . .
Experiments (Trial | temperature of 50 °C, Air flowing from start of the window surface
04) heating
Model 02 controlled indoor and outdoor environment, with
Alternative
13

8°C difference of inner
window surface

comparing when is not
05) and without air flow flowing
Model 02A . . .
. controlled indoor environment only, with o .
Alternative . , . 6°C increment of inner
14 . . .5mx0.5m, window size, 2 cm air gap, exposed to .
Experiments (Trial L. . window surface
06) solar radiation, made on three consecutive days.
margin increment inner
Model 02A . . . 8 .
. controlled indoor and outdoor environment, with window surface
Alternative . . . .

15 ) . .5mx0.5m, window size, 2 cm air gap, different temperature has

Experiments (Trial . . .
07) outdoor temperature inverse relation with
outdoor temperature
tighter setup, controlled outdoor environment, 2°C increment of inner

16 | Model 03 (Trial 01) | with 1mx0.6m window size, 2cm air gap, outdoor .
o s o window surface
temperature of 45 °C, indoor temperature 20 °C.
margin increment inner
17

Model 03 (Trial 02)

tighter setup, controlled outdoor environment,
with 1mx0.6m window size, 2cm air gap, Variable
outdoor temperature, indoor temperature 20 °C.

window surface
temperature has
inverse relation with
outdoor temperature

18

Model 03 (Trial 03)

tighter setup, controlled outdoor environment,
with 1mx0.6m window size, 2cm air gap, outdoor
temperature of 45 °C, indoor temperature 20 °C,

Variant Air Velocity

low the velocity led to

lower surface
temperature
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The reduced scale model suffered from variety of issues, leads to have non-accurate
outcomes, the reason behind this phenomenon will be discussed in the following chapter.
Figure 8,9,10 shows the experimental model which has two controlled chambers to
represent both indoor and outdoor environment. In addition, figure 11 shows another
experimental model that aims to test the system in the presence of solar radiation. As figure
12 shows the interior glazing pane suffers from increasing it temperature after air start
flowing which is since flowing air is working as medium to increase heat transfer rate

between outdoor glazing and indoor glazing as illustrated in figure 13.

Fig 8. Experiment model 02 components illustration
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Fig. 9. Experiment model internal view Fig. 10. Experiment model external view

Fig. 11. Outer glass Temp. reading Fig.12 -Model 02 A solar radiation
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3.1.2- The CFD Simulation procedure

A Computational Fluid Dynamic (CFD) simulation has been used to investigate the thermal
characteristics of the window system and extract the amount of temperature variation of
the surface. The CFD simulation tool can simulate the system thermally and
aerodynamically. Nonetheless, when it came to thermal simulation, a wide range of
scenarios could be test, with low margin of error, such as testing the system with different
speed, pressure, indoor and outdoor temperature, and different locations and climates
considering solar radiation and humidity. However, in this thesis, Ansys Fluent is being

used to fulfil thesis objectives.

Ansys Fluent Workbench™ platform directly couples with CAD software and
automatically extracts and meshes fluid volumes. It enables easy control operation via a
small set of parameters. The yield is the high-quality meshes critical for both accurate and
fast CFD simulation. CFD package includes solvers that accurately simulate behavior of
the broad range of flows. Each solver is highly robust, well tested, validated and optimized
for fast simulation time. Time tested and part of a single environment, the highly efficient

solvers deliver both accuracies[73], [74], [75], [76].

As mentioned previously, this work will invest Ansys CFD Fluent capabilities to the
optimum, they variant scenarios will be tested, like different climates, velocities, and type
of glazing, therefore, each test conducted, its procedure will be mentioned in detail at

chapter 5.

Based on fact that Ansys Fluent is used it this work, AmgX is default linear solver, on the
other hand, dispersed turbulence model was used eliminating any mixture of the material
components, with turbulent intensity of 5% and turbulent viscosity ratio of 10 as
recommended values by the software. The model’s mesh used was polygonal shape, and
each model has 512000 cells, as it is the optimum available in student version. For inlet
condition, it was defined as velocity inlet, with absolute reference frame; for outlet
condition, it was defined as pressure outlet, with absolute reference either. Inner and outer
temperature of the environment was specified in the software, while the glass surface

temperature was designed as by system coupling, to vary with each single alternative.
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Simulation convergence limits were set to 10000 which software mostly takes less than

this to converge the solution.

EAW was tested by 4 different models with 18 alternative experiments to measure its
thermal performance; yet the experiment suffers from lots of discrepancies due to material,
tools and equipment used to conduct these experiments, and it was difficult reduce the
margin of error with such financial and technological capabilities, hence, these experiments
were conducted within variant of air inlet pressure, temperature, velocity and within variety
of outdoor conditions and temperatures, with and without solar radiation. However, results
used to contradict with literature review, the justification of such discrepancies will be

discussed in the following chapters.
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CHAPTER- 4

CFD SIMULATION PROCEDURE

4.1 Introduction

In this chapter, CFD simulation results will be presented and discussed; The thermal
properties of the window system have been examined, and the amount of surface
temperature variation has been extracted from CFD simulation. The system can be thermal
and aerodynamic simulated with the help of the CFD simulation program. However, a large
range of situations might be tested using thermal simulation, with a small margin of error,
including testing the system at various speeds, pressures, indoor and outdoor temperatures,
as well as different climates considering solar radiation and humidity. Ansys Fluent
software program is employed in this thesis to achieve the set goals. Table 13 shows
material specification of the simulation, and table 14 shows solver, boundary condition and
meshing specification. On the other hand, a summary of all simulations with their
description and results are listed in table 15. Simulation convergence considered achieved
based on literature review, which states that scaled residuals reach limits of 10 for x, y,

and z momentums, 107 for k, epsilon, and continuity[77].

Table.13. Simulation material specification

Foam
Density 20 kg/m3
Specific heat 1400 J/kg*K
Thermal conductivity 0.036 W/m K
Glass
Density 2500 kg/m3
Specific heat 792 J/kg*K
Thermal conductivity 0.8 W/mK
Aluminum
Density 2710 kg/m3
Specific heat 903 J/kg*K
Thermal conductivity 240 W/m K
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Table.14. Meshing, boundary condition and solver specification

Meshing and solver specification

Software

ANSYS FLUENT 2022 R1

Modeling software

SketchUp/AutoCAD 3D

Type of solver

AmgX linear solver/Pressure based

Turbulence model

dispersed turbulence model

Turbulence intensity

5%

Mesh characteristics

polygonal shape

number of cells

Based on sensitivity analysis

Simulation convergence limit

10000 iterations

Velocity formulation absolute

Time steady
Gravity 9.81 m/s2
Initialization method Standard Initialization
Initialization computed from all zones

Time step method Automatic

Length scale method

Conservative

Time scale factor

1

Verbosity

0

Inlet Specification

Boundary conditions

velocity inlet

Velocity specification method

Magnitude, normal to boundary

Supersonic/Initial gauge pressure Pa 0

Turbulence intensity 5%
Turbulence specification method Intensity and viscosity ratio
Turbulence viscosity ratio 10

Velocity magnitude

varies as per trial

Outlet Specification

outlet boundary conditions

pressure outlet

Backflow reference frame absolute
gauge pressure Pa 0
Pressure profile multiplier 1

Backflow direction specification method

normal to boundary

Backflow pressure specification

total pressure

Turbulence specification method

Intensity and viscosity ratio

Backflow Turbulence intensity

5%

Backflow Turbulent viscosity ratio

10

Target mass flow rate

Via system coupling

Average pressure specification

Via system coupling
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Table.15. Summary of simulation results

NO. | CFD simulation Description Results
Simulation 01 controlled indoor and outdoor environment, with
1 (based on .5mx0.5m window size, 2cm air gap, outdoor and | 0.5°C increment of inner
experimental indoor temperature of 45 °C and 24 °C window surface
model 02) respectively.
Simulation 02 controlled indoor and outdoor environment, with o .
. . . 0.1°Cincrement of inner
(based on .5mx0.5m window size, 2cm air gap, outdoor and . .
2 . . R R . window surface in range
experimental indoor temperature of 45 °C and 24 °C. variant
.. of 2to 10 m/s
model 02) velocities.
Simulation 03 controlled indoor and outdoor environment, with o .
. . . 0.4°Cincrement of inner
(based on .5mx0.5m window size, 2cm air gap, outdoor and . .
3 . . o R . window surface in range
experimental indoor temperature of 45 °C and 24 °C. variant .
. of 2to 10 cm air gap
model 02) air gap.
Simulation 04 controlled indoor and outdoor environment, with | 0.65°C reduction of inner
4 (based on .5mx0.5m window size, 2cm air gap, outdoor and | window surface in range
experimental indoor temperature of 45 °C and 24 °C. variant of 18 to 28 °Cinlet air
model 02) inlet air temperature temperature
Simulation 05
imutation controlled indoor and outdoor environment, with o .
(based on . . . 0.5°C increment of inner
5 . .5mx0.5m window size, 2cm air gap, Solar .
experimental . . . . window surface
radiation considered, indoor temperature 24 °C
model 02A)
Validating/benchmarking results with experimental data from literature
Simulation 06 Window size 85x550m, air gap 4cm air gap two .
based on Zhang results match literature
6 . channel, . .
experimental N with 3% error margin
air fins inside gap, other values as per Zhang et al
setup
Double Glazing Energy Active Window (DGEW)
1to 1.5°Ci tof
Simulation 07 window size 85x550m, air gap 4cm air gap two ° inl:zrremen °
based on Zhang channel, . .
7 . e window surface in range
experimental air fins inside gap, other values as per Zhang et al. of
t iant velocities.
setup variant velocities 0.1to 1.2 m/s
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Simulation 08

window size 85x550m, air gap 4cm air gap two

almost no increment of

based on Zhang channel, . nner
8 . e window surface
experimental air fins inside gap, other values as per Zhang et al.
setup Air volume temperature,
) in range of 0.01 to 1 kg/s
1.0 °C reduction of inner
Simulation 09 window size 85x550m, air gap 4cm air gap two window surface
9 based on Zhang channel, temperature, between
experimental air fins inside gap, other values as per Zhang et al. | 2cm to 4cm air gap; after
setup variant air gap. 4 cm there is almost no
variation
System shows an
. . . . . . tabl It, wh
Simulation 10 window size 85x550m, air gap 4cm air gap two aC(_:ep avle resutt, where
in range of outdoor
based on Zhang channel,
10 . e temperature from 36 to
experimental air fins inside gap, other values as per Zhang et al. 52°C only 1°C
setup variant outdoor temperature. . » OnY .
increment of inner
window surface
Trible Glazing Energy Active Window (TGEW)
, . . . . . 1to1.5°Ci t of
Simulation 11 window size 85x550m, air gap 4cm air gap two ° inl:zrremen °
based on Zhang channel, . .
11 . e window surface in range
experimental air fins inside gap, other values as per Zhang et al. of
t iant velocities.
setup variant velocities 0.1t0 1.2 m/s
2.0 °C reduction of inner
Simulation 07 window size 85x550m, air gap 4cm air gap two window surface
12 based on Zhang channel, temperature, between

experimental
setup

air fins inside gap, other values as per Zhang et al.

variant air gap.

2cm to 4cm air gap; after
4 cm there is almost no
variation
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Figure 14a show the procedure of CFD simulation, which start from identifying the
material specs such as density and thermal conductivity, then specify meshing and solution
specs based on available used software, afterwards a CFD simulation was conduct within
literature review for validation. Nonetheless after having a verified model, simulations

were conducted for all variables to evaluate the output based on solid bottom.
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Figure 14a. CFD simulation procedure
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4.2- CFD Model Development

CFD simulation was conducted to verify experiment results, Ansys Fluent 2022 R1 version
was used to make the meshing, settings, simulation and extracting results. on the other
hand, AutoCAD 3D & SketchUp2020 were used for the modeling. Nonetheless, the setup
which was built to conduct the experiment was exactly modeled to have accurate results,
noting that simulating areas, sizes, and fluid variable parameters were also per the pilot

experiment.

The model was developed to represent the prototype engineering wise, which represented
on its size, orientation, order, dimensions and thickness of the objects; where on the other
hand, thermal properties of the material was represented by specifying the density of the
materials, specific heat and thermal conductivity, which were taken from the materials’
suppliers. Moreover, outdoor environment was design within the software in way where it

represents the hot climate of Saudi Arabia.

The model is made to represent two types of windows which are basically DGEW and
TGEW surrounded by two chambers, two represent outdoor environment and indoor
environment. The two chambers were made of foam to represent the environmental
envelope; the outdoor chamber was sat in way to generate/radiate heat in equivalent mode
among entire windows surface, which was extremely difficult during experiment design
and implantation, because the margin of the error would relatively high considering its

results, air was inject inside the window gap to present return/exhaust air.

the air flowing properties were specified as per boundary condition driven from literature
review and experiment condition. Air specifications play significant impact on model’s
boundary condition, which therefore play a fatal role while applying the governing

equation, which would affect simulation convergence.
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4.3- Discretization (meshing) Scheme:

The general goal of all CFD meshing techniques is to provide a point grid that can be
utilized to solve the system of partial differential equations controlling the flow of fluid in
a CFD simulation. As the example below -Figure 31- illustrates, the geometric mesh
employed in a particular CFD issue can be rather intricate. In addition to having a variable
density across the structure, the geometry made up of the mesh points—such as
tessellations, tetrahedra, trapezoids, hexagons, etc.—can also change between different
areas of the system[26], [78], [79]. Nonetheless, two important factors need to be
considered during meshing process which are meshing design and meshing geometry,
which will be detailly described in chapter 5. Simulation was conducted considering model
uses 2cm gap and 45 °C outdoor temperatures as base, in other words, this experimental
model was considered as validation model to conduct the CFD simulation on its basis.
Figure 31 shows the meshing which is taken as 0.002m which is relatively high, and can
affect the accuracy of the study, that it would reduce the required calculation per surface
plane, however, it was taken in that element size due to limited allowed calculation per
simulation for student version package, yet Ansys 2022 was used to do meshing sensitivity

analysis, do determine element size with low margin of difference.

Fig. 31 CFD model Meshing
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4.4- Boundary conditions of CFD simulation:

In the field of CFD, getting reliable results requires accurate data to simulate the
environment/surrounding conditions as accurate as possible; nonetheless, getting these
types of results required mainly on several key factors such as matching real environment’s
boundary conditions. The importance of the boundary conditions are sourced from it
identifies the type of the reaction happens between the simulated body and its
surrounding[54], [79]. However, in the simulation conducted, four types of boundary
conditions where taken based on type of the case and software used; the four boundaries

were as follows:

1. Velocity Inlets: The velocity at which fluid enters the domain is known, and the
pressure is calculated.

2. Pressure Inlets: The total pressure is specified based on experiment conditions or
from literature review based on experiment parameters, and the velocity is
calculated. This type was mainly used in this simulation because it is essential in
buoyancy-driven flow problems, which is required due to study air behavior in air
gap.

Pressure Outlets: The total pressure is specified, and the velocity is calculated.

4. Wall Boundaries: Impermeable walls ensure no flow through them. At walls, a no-

slip condition is applied, meaning the tangential velocity of the fluid at the wall is

the same as the fluid velocity[80], [81], [82].

Boundary conditions of CFD simulation were coming basically from air parameters,
properties of air inlet which based on temperature and speed, that energy equation were
activated to make the software able to predict and calculate heat transfer between model

components as shown in figure 32 which highlight air inlet properties.
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4.5- Governing Equations

The governing differential equations of fluid dynamics which is the basis for modern
computer modeling is shown in equations 2,3,4,5,6 and 7. The governing differential
conditions of liquid elements frame the premise for advanced computer modeling, known
blandly as computational fluid dynamics, or CFD. Until the 1960s and 1970s, arrangements
to the conditions of liquid flow were ordinarily based on approximations and
disentanglements that planned tractable for explanatory strategies for differential
conditions[80], [83]. When effective computational assets got to be accessible, numerical
arrangement methods were formulated and common reason CFD codes created to supply
common arrangements for viable issues Nowadays, CFD recreation (and huge computer
control) is unavoidable. As a result, CFD has presently gotten to be inserted as portion of
the examination workflow for engineers and researchers. Portion of the reason of this
course is to uncover this presently common shape of liquid flow examination utilizing the

CFD computer program Ansys Familiar[73], [74], [75].

Navier-Stokes conditions are the governing conditions of Computational Fluid Dynamics
[75],[76], [80], [81], [82], [84].Figures 34 and 35 illustrate material properties which were
taken as per standards, to have close results from the experiments. Figure 36 shows air inlet
properties which are made to match experiment measurements when it comes to velocity
magnitude and the amount of temperature inserted and seen in figure 37. Measurements
show that inlet air velocity is 4 m/s with temperature of 25 °C which was reflected in the

simulation at air inlet properties.
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Fig. 32 Air inlet properties
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BB Create/Edit Materials

Name
foam

Chemical Formula
foam

Properties

Material Type
solid

Fluent Solid Materials
foam
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none
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Cp (Specific Heat) [J/(kg K)] constant
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Thermal Conductivity [W/(m K)] constant
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Fig. 34 Material properties 01
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Fig. 37 Air inlet velocity reading
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Figure 38 show iteration for a steady simulation. The number of iterations per time steps
indicate how many times the flow equations has been solved per time step before moving
on to the next time step. Generally, in this case the number of iterations was take as 10000.
However, it may increase or decrease this number depending on application. In the
residuals plot, it can be noticed a saw-tooth pattern, which indicates the iterations per time
step. The residual curve will start from a high at 1st iteration, keep dropping if everything
is fine until 2000th iteration. This completes the first-time step and then the residual will

rise again and drop for the next 2000 iterations and so on.
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Fig. 38 Simulation iteration
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4.6- Turbulence model in CFD simulations:
CFD strategy in view of the Reynolds Arrived at the midpoint of Navier-Stirs up (RANS)

approach is as yet thought to be as the most well-known choppiness displaying approach
in auto enterprises because of its satisfactory precision and reasonable computational
expense for anticipating streams including complex calculations. This famous utilization
of RANS endures despite the verifiable truth that, for car streams, RANS choppiness
models frequently neglect to describe the related stream field appropriately [75]. It is even
a fact that on a more regular basis, the RANS approach neglects to foresee right
indispensable streamlined amounts like lift, drag, or second coefficients, and thus, they are
utilized to evaluate the general size and course of a pattern. Also, in any event, for such
purposes, prominent conflicts for the most part exist between results anticipated by various
RANS models. Because of quick advances in PC innovation, expanding notoriety has been
found in the utilization of the mixture Disengaged Vortex Reenactment (DES), which
mixes the RANS approach with Enormous Whirlpool Reproduction (LES). The DES
philosophy showed a high capability of being more precise and useful than the RANS
approaches. [75], [76], [78],

In RANS approaches, the whole choppiness range is approximated through a bunch of
transport conditions to settle the time-found the middle value of mean stream field. These
conditions were laid out during the beyond a very long while in view of experimentation,
numerical examination, and actual thinking of the key systems saw in sanctioned streams.
RANS models have delighted in surprising outcome in different modern applications [73],
[74], [75].. Be that as it may, the powerlessness of RANS models to foresee complex
isolated streams accurately has roused analysts to create and apply higher request models
in modern applications. One promising model is the DES approach. DES is a mixture
displaying approach that consolidates the best of both RANS and LES: a RANS recreation
in the thickness overwhelmed limit layers and a LES in the shaky isolated locales r[73],
[74], [75].
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4.7- Simulation convergence
One of the main problems in using CFD software is convergence. The study of fluid

mechanics involves non-linear processes and phenomena that are inherently unstable, such
turbulence. Because CFD software aims to represent/simulate these environmental
reactions and processes, it has many of the same problems as the processes it is meant to
depict. As aresult, there is no assurance that a problem will have a steady-state "converged"
solution. The majority of computational fluid dynamics issues are non-linear, and the
methods for solving them employ an iterative process to gradually improve a solution until
"convergence" is attained[80], [81], [82]. In many research articles, convergence can
signify many things. ‘More formally, in mathematics, convergence describes limiting
behaviour, particularly of an infinite sequence or series toward some limit. To assert
convergence is to claim the existence of a limit, which may be itself unknown. For any fixed

standard of accuracy, you can always be sure to be within it, provided you have gone far

enough[80]”

As this definition makes clear, but you want to be close enough to the solution to meet the
required accuracy level. Thus, convergence does need to be linked to a specific degree of
precision being required. This criterion is contingent on the intended use of the solution.
In addition, the degree of residuals—that is, the degree to which discretized equations are
unsatisfied—are frequently used to quantify convergence rather than solution error.
Because of this, the user needs to be aware of this when choosing which convergence

criterion to apply when evaluating a solution[80], [81].

When it comes to the case studied in this paper, simulation convergence considered
achieved based on literature review, which states that scaled residuals reach limits of 10°

® for x, y, and z momentums, 107 for k, epsilon, and continuity[77].
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4.8- Simulation post-processing
Post-Processing is crucial stage in correctly deriving the appropriate conclusions from the

models and simulation, presenting the findings to users, and guaranteeing the optimal
prototype/model design is post-processing of computational fluid dynamics (CF;
considering that CFD simulations frequently produce enormous output files, it might be

difficult to effectively construct visual aids[78], [85].

Design choices necessitate optimization research, which calls for a high volume of separate
CFD simulations. I've used numerous well-known CFD visualization tools in a variety of
industries over the years, and my experience has led me to understand some best practices

that should always be followed[85].

CFD simulations don’t end with the fluid flow prediction. Post-processing that provides
users with full insight into the outcomes of their fluid simulation is necessary in order to
represent the benefits of the simulation. ANSYS CFD-Post, was used as post-processor
that It has quiet manageable graphics that ANSYS CFD-Post generates to demonstrate the
flow in any desired level of detail are limited in their ingenuity by the current and user-
friendly interface which can easily notice in figure 38b . ANSYS CFD-Post gives all the
tools needed to create perceptive solution visualizations, including 3D pictures that can be
viewed by everyone with the freely distributable 3D viewer, from vector plots and

streamlines to vortex cores and flow animations.
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Fig.38b ANSYS CFD-Post
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CHAPTER-5

CFD SIMULATION RESULTS
In This chapter CFD simulation results will be detailly discuss and validated these

outcomes with experimental model described from previous chapter or from literature
review. Figure 39 shows the first output from the simulation results, which is a general
view of temperature distribution on both chambers. Figure 39 shows that the temperature
of the chamber wall would reach range of 39 to 42 degree, which is in the acceptable
difference domain of the experiment model, which is temperature reaches 42 °C as shown

in figure 39.

On the other hand, a primary result of the simulation can be represented by figure 40, which
shows how surface temperature of the inner window which reach 33.85 °C, and it can be
notice the relative uniformity of temperature among window, nonetheless, these results will

be discussed in detail in the fallowing sections.

Fig. 39 Heat distribution among the chambers
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Fig. 40 Heat distribution among indoor glass

Figure 41 shows the amount of indoor window glass panes. It illustrates that the average
temperature of window after air flowing inside air gap could reach 32.17 °C, where the
initial set temperature for the window is 32°C. In other words, CFD simulation proves that
such concept would increase the surface temperature of the inner glass even if the amount
is very low. Nonetheless, comparing CFD result with experiment result would show 6°C
difference, that in experimental model temperature reach 38.1°C. However, such a
difference could be due to span of experiment time, that the software makes the calculation
until there is no variation in temperature at all, which it would take up to 6 hours, where
the experiment with time span of two hours only, nonetheless, figure 42 shows the
comparison between experiment and simulation for five points, having one in the middle
and four at 10cm offset from edge. Figure 43 shows the rate of temperature decreased when
air flow in between window glass panes, that it reduced from 50 °C to 48.2 °C. Figure 41
and 43 respectively as visual representation of the results, which shows that inner glass
pane increased by a very low margin, where the outer glass pane temperature decreases,
which in line with general view of experiment, despite its high margin of difference

between the simulation and the experiment, which could reach 14%.
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Fig.41 comparing experiment and simulation

- Yellow for experiment results.
- Red for stimulation results.

Fig.42 comparing experiment and simulation
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Fig. 43 Heat distribution on outdoor glass
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Fig.44 comparing experiment and simulation.
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Table 14 and 16.1 represent previous figures, which illustrate the values of experimental
and simulation results, hance tables are highlighting the differences between them and
percentages from; table 16 compares outdoor glazing temperature for the experimental
setup and CFD simulation, it can be noticed that margin of difference is very low that it

doesn’t reach 5%.

On the other hand, Table 14.1 comparing outcomes of the experimental setup with CFD
simulation, which shows high margin of difference, could reach up to 27%, it also shows
differences between two results reaches 10 °C, which is totally out of the acceptable margin
of error. Table 16.1 clearly highlights that there is a critical issue in regard of the

experimental outcomes, that this high margin of error/difference can’t be justified.

Table.16. Experiment and simulation results for outdoor glazing

Comparison of experiment and simulation results for outdoor glazing
Point Experiment Simulation Difference %
A 47.4 45.125 4.917589841
B 47.1 44.99 4.582473667
C (Middle Point) 47.2 45.909 2.773093901
D 47.3 47.3 0
E 47.3 47.36 -0.126769491

Table.16.1. Experiment and simulation results for outdoor glazing

Comparison of experiment and simulation results for indoor glazing
Point Experiment Simulation Difference %
A 37.1 28.46 26.35753508
B 37.1 28.57 25.97837673
C (Middle Point) 37.1 29.177 23.90874662
D 37.23 29.914 21.7919695
E 37.21 29.887 21.82809962
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5.1- Simulation of alternatives:

Different alternatives were simulated based on air velocity, air temperature, and air gap.
Moreover, in these simulations a good replication of the experimental model properties
was made within then virtual CFD simulation to provide reliable and more accurate results.
This was achieved by locating the position of the experiment latitude and longitude, and
specifying the date and time of simulation, which in turn would provide accurate solar
calculations and therefore considering solar radiation in the results outcome to be compared

to trial-06 results, which was conducted considering sun radiation.

Figures 45 and 46 show the setting of relevant solar properties within the CFD software
for Dhahran, using average solar radiation of 1423 W/m? as constant value for direct
irradiation and 200 W/m? as diffused solar irradiation. Date of simulation was chosen to be

3 of May that it is the hottest day in year in Saudi Arabia and the study area.
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Fig. 45 Solar calculation at May
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Fig. 46 Solar calculation at month of May

Table 17 shows the results of the CFD simulation which doesn’t provide a notable variation
for the experiment results. When it comes to velocity, it can be noticed that it decreases the
surface temperature of the outer pane by 1.3 °C in domain of 2 to 10 m/s, on the other hand,
the temperature of inner glass pane increases by 0.063 °C in same domain of air velocity.
When it comes to air gap it can be noticed that it decreases the surface temperature of the
outer pane by 0.5 °C in domain of 2 to 10 cm gap between windowpanes. On the other

hand, the inner glass pane temperature increases by 0.4 °C in same range of air gap.

Air temperature plays a limited role as previous variables, it can be noticed that it decreases
the surface temperature of the outer pane by 0.683 °C in domain of 18 to 28 °C as
temperature of air flowing between windowpanes. On the other hand, the inner temperature
glass pane its temperature increases by 0.646 °C between 18 to 28 °C, that low temperature
of air flowing, would decrease the temperature of the inner glass, but it would increase the
temperature of the outer one. However, the relation between air flow temperature and
surface temperature decreasing is not encouraging at all, that it requires lot of energy to
reduce air temperature without a notable change or reduction in the window surface

temperature, that reducing air temperature by 10 °C would reduce inner surface window
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Table.17. Result of CFD simulation for three variables/alternatives

2 49.5 33.35
4 48.85 33.37
6 49.087 33.39
8 48.981 33.394
10 48.2 33.413
2 49.5 33.35
4 49.03 33.705
6 49.005 33.73
8 49.003 33.747
10 49.002 33.759
18 48.32 34.296
20 48.993 33.648
24 48.998 33.648
26 49.087 33.649
28 49.003 33.65

by 0.6 °C only. It is worth mentioning that the listed temperatures in table 17 as well as

figure 47,48,49 are average temperature amount on the glass surface.

For the three consecutives figures 47,48 and 49 can represent and summarize table17, they
show relative inconsistent non well described relation between the alternatives and window
thermal performance represented in the inner, however, the phenomenon of increasing
inner glazing surface temperature reduced significantly; that when using alternatives that
in favor of reducing surface temperature, especially return air temperature which is
reducing down to 18 °C that it is able to make reduction of 2°C in surface window
temperature. Yet, these results require to be bench marked with literature and make a plan
to develop its performance, to increase the margin surface glazing reduction in its

temperature.
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5.2- Validating/benchmarking results with experimental data from

literature:

The experiment and simulation both show that there is tendency of this window system to
increase its surface temperature rather than reduce it, therefore, a CFD simulation has been
used to provide as deeper investigation through this dilemma. Hence, the thing that initiate
the uncertainty of the previous results that it is contradicting with literature review
published with same area, Zhang et al. [69] made a study discussing the same topic
considering cold climate; they made experimental setup and compare with numerical
model, their setup has better environmental control, technologies, and abilities than the one

provided in this work.

However, the exact setup has been modeled in the CFD, and the results founded has been
compared with the one made by Zhang et al and determine the margin of error between
them, then the same simulation condition was applied to the proposed alternatives to test
its reliability and even could have positive results proving that such a system could reduce

Duplicate Zhang et al
model in CFD

I

Compare results from CFD and
lit.review (Zhang et al)

I

Duplicate the CFD setup for DGEW, and
Compare it with experimental results

!

Test DGEW for

]
| l |

Diff. Outdoor Temp Diff. Air Gabs Diff. Velocities

Diff. Return Air
Temp

Fig. 50 Validating CFD with experimental data from literature
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the temperature of the inner glazing comparing to normal glazing system in hot climate of

gulf countries and Saudi Arabia; figure 50 summarize the benchmarking process .

Figure 51 shows triple glazing energy active window (TGEW) modeling and its
component as per Zhang et al which is made of 3 glass panes, aluminum fins, and two

chambers, considering the following the parameter mentioned in table 16.

Fig. 51 TGEW model as per Zhang et al model

Table.16. CFD simulation parameter as per Zhang et al experimental setup

Window Size 850 (L) mm x 550 (W) mm

. . 1550 (L) mm X 850 (W) mm
Single Cell Size X 2000 (H)mm
Air Gap 40mm Two Air Channel
Aluminum fins 45 °C slanted
Flowing rate inside air gap 0.234 m/s
Indoor Temperature 24C

Varies with day and solar

Outdoor Temperature irradiance
Air flow Temperature Higher that indoor temperature
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5.2.1- Meshing sensitivity analysis:

In this section, the model was subjected to a variety of meshing/element sizes and different
number of nodes for both DGEW and TGEW. Meshing sensitivity analysis is one of the
main requirements to increase the reliability of the results; therefore, it would give a better
understanding of spatial discrepancies errors, and into which limit meshi is affecting the

results.

Using low size of meshing would definitely give a better result, yet it is not practical at all,
that using a very fine meshing/small size would consume tremendous amount of time to
converge, yet to provide or extract results for long list of alternatives; therefor, applying
meshing sensitivity would able users to use a higher mesh/element size without affecting

the results. The size of the mesh will be increased gradually, and their results will be

g T T ol i
T ;

Fig. 52 A Fig. 52 B Fig. 52 C
compared with the outcome of the finer meshing, until the difference in result becomes

notable. Figure 52 show variety of meshing sizes.
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Figure 53A&b shows convergence critical for all meshing sensitivity analysis and
validation study, that all the scaled residuals should go below 10, which is more than what

is required which is 10~ according to literature review.

Z Scaled Residuals [x]

110 = o

1e-12 —+ ! . ! . i )
0 200 400 600 800 1000 1200
[terations

Fig. 53 A- scaled residual for TGEW
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Fig. 53 B- Convergence criteria for validation and meshing sensitivity study
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Table 17, illustrate Mesh independence test conducted on TGEW to ensure the results are

not sensitivity grid elements size nor nodes, element sizes in range of 3x10*#to 1x10#, and

number of nodes in domain of 3.8 million to 170 thousand, it can be noticed that the margin

of difference is less than 0.5% and higher than 0.01%. This sensitivity analysis illustrates

the impact of the grids size on the outcomes of the study.

Table.17. TGEW meshing sensitivity analysis.

TGEW Meshing Sensitivity Analysis

Element Size Number of | Number of
Nodes Elements
0.0003 170496 139308
0.00025 234157 200547
0.0002 514182 446880
0.00015 1151688 1033416
0.000125 1974336 1804656
0.0001 3838161 3573360

Mid. Glazing
Temp.

Parentage of Difference
(Inner Glazing)

0.083693214

0.053534982

0.026760328

0.419706206

0.016652235

Furthermore, same grid sensitivity analysis was conducted on DGEW, table 1, illustrates

Meshing impact on DEW results, element sizes in range of 35x10*to 1x10*, and number

of nodes in domain of 3.5 million to 102 thousand, it can be noticed that the margin of

difference is in range of 3% to 0.05%, it can be observed that system fail to converge at

3x10™. Table.18. DGEW meshing sensitivity analysis.
DGEW Meshing Sensitivity Analysis
Number of Number of Outdoor Glazing Indoor Glazing Percentage of Difference (Inner
Element Size Nodes Elements Temp. Temp. Glazing)

0.00035 102705 102705 No Convergence No Convergence

0.0003 152976 129156 33.909 30.91 3.10177706

0.0002 467748 416640 33.96 30.95 0.226683938
0.00015 1069908 979848 34.011 30.88 -0.058256198
0.000125 1836702 1707776 34.042 30.898 0.13178931
0.000115 2310309 2158912 34.086 30.857 0.084329794

0.0001 3562788 3361680 34.127 30.831

As an outcome e of this analysis, we can notice that using 0.0015 as element size would

give relatively accurate outcomes, without going to extreme fine meshing, which would
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increase converge time. Thus, striking a balance between meshing reliability and

computational power is critically required to ensure successful study and accurate results.

5.2.2- Validation model:

The validation is required to ensure that study outcomes are free of any errors, moreover,

to see if it is in line with previous literature and instigate the reason behind it differ if any;

Figure 54 show the condition where the measurements were made in Wuhan according to

Zhang’s et al study; The areas where temperatures is more stable were stable were selected,

which is at time without solar radiation (at night), so solar radiation component in this
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Figure 55 a. Measured indoor window temperature. b. Measured outlet temperature.
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validation study is exclude, that temperature were measured at 4M, 12AM, and 8PM, at
temperatures of 33°C, 30.2, 30 °C respectively. Figure 55 shows the results of Zhang’s
experimental setup, it shows the result in form of inner glazing surface temperature and out

air temperature.

Table 19 summarizes outcomes of the validation study using inner glazing temperature as
comparison criteria, however, figure 56 a,b and ¢ provide graphical representation of table
19. In general, these graphs show that difference between Zhang’s experimental result and
CFD results is in range of 3% to 6%, which is within acceptable margin according to
literature review [77] [78] [79]. Figure 56a shows inner window temperature at three
middle points distributed vertically. At the constant part of the curve all three points are in
the range of 24.5 °C - 24.75°C. Figure b shows the reading for the three points for measured
outlet air temperature. It shows that the outlet has temperatures of 25.8 °C, 25.5 °C, 25.3
°C.

Table.18. DGEW meshing sensitivity analysis.

Outdoor Temp. 33°C

Inner Glazing Temp. |Inner Glazing Temp. Percentage of difference (%)

Zhang at al CFD
Tw5 (top point) 24.73 26.282 5.905%
Tw3 (Middle point) 24.58 26.096 5.809%
Twi (bottom 24.53 26.096 6.001%
point)

Outdoor Temp. 30.2°C

Inner Glazing Temp. |Inner Glazing Temp. Percentage of difference (%)

Zhang at al CFD
Tw5 (top point) 24.66 25.588 3.627%
Tw3 (Middle point) 24.58 25.582 3.917%
Twl (bottom 24.5 25.52 3.997%
point)

Outdoor Temp. 30°C

Inner Glazing Temp.

Inner Glazing Temp.

Percentage of difference (%)

Zhang at al CFD
Tw5 (top point) 24.54 25.583 4.077%
Tw3 (Middle point) 24.52 25.544 4.009%
Twi (bottom 24.5 25.54 4.072%
point)
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Comparing Zhang’s et al with CFD at Outdoor
Temp. 33°C @ 8:00PM
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Figure 56 a. CFD and Zhang’s experimental results at 33-degree outdoor temperature

Comparing Zhang’s et al with CFD at Outdoor
Temp. 30.2°C @ 12:00AM
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Figure 56 b. CFD and Zhang’s experimental results at 30.2-degree outdoor temperature

Comparing Zhang’s et al with CFD at Outdoor
Temp. 30°C @ 4:00AM
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Figure 56 c¢. CFD and Zhang’s experimental results at 30-degree outdoor temperature
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Figure 57 compares and validates CFD results with literature review (Zhang’s experiment)
by using air outlet temperature. Table 19 shows the reading for the three different outdoor
temperatures for measured outlet air temperature; While comparing experimental results
from Zhang with CFD model, the difference recorded was in a range of 8.5 to 10 %, which

is within acceptable margin of error.

Comparing Zhang's et al with CFD at by Outlet Temp.

N W W W
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a
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Glazing Temperature
N
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33 30.2 30

Outdoor Temperature

=== Outlet Air Temp. Zhang at al Outlet Air Temp. CFD

Figure 57. CFD and Zhang’s experimental results at 30-degree outdoor temperature

Table.18. DGEW meshing sensitivity analysis.

Outdoor Temp. Outlet Air Temp. Outlet Air Temp. Pfercentage of
Zhang at al CFD difference (%)

33 25.8 28.893 10.705%

30.2 25.5 27.915 8.651%

30 25.3 27.903 9.329%

As a general output from the validation study, we can reach a conclusion that CFD model
is reliable and in line with experimental results in literature, by margin of error within the

acceptable range of 10%, thus, the subsequent simulation will be conducted confidently.
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5.2.3- DGEW in hot climate of Saudi Arabia

After validating the CFD results as per the experimental setup described in literature, CFD
simulation was used for all the subsequent studies for Double Glazing Energy Active
Window (DGEW) & Triple Glazing Energy Active Window (TGEW). All related studies
were conducted in the hot environment of Saudi Arabia to develop design guideline able
to predict surface window/curtain temperature. Both DGEW and TGEW have been tested
using the factors mentioned in figure 50 which are air velocity, air mass volume, RA
temperature air gap, and outdoor air temperature. On the other hand, table 18 shows the

justification behind domain of simulation for each variant.

Tablel8. Justification of selected simulation domain/ranges

Variant selected ranges Justification of the selected ranges

Zhang et al set their air inlet velocity
Air Velocity 0.234 m/s - 0.634 m/s to be 0.234m/s, therefore an increment
of 0.1m/s was added with required domain

12mm gab is the conventional type of window
, yet while conducting the experiments, gap of less
than 2cm isn't practical at all to inlet air,

Air gap 2em-10cm therefore, 2cm was selected to be the minimum
gap, while other gap alternatives where in
increment of 2cm
. going below 3kg/s would reflect on very low velocity
A | 3 kg/s - 13k
I mass volume g/s gfs (0.17m/s), which its effect can't be noticed
indoor temperature typical is 24°C, therefore it was
Return air 24°C - 34°C selected to be starting point of simulation, yet it
temperature extremely rare for
RA temperature increase higher than 34°C
this study intended to be in hot climate of Saudi
Outdoor 36°C - 52°C Arabia, so the minimum expected temperature in
temperature the summer in Dharan climate would be 36°C and it

can reach 48°C or 50 in extreme cases
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Figure 54 illustrates the impact of air velocity on DGEW on surface glazing temperature
of the windowpanes. it shows that velocity of air flowing inside the gap would reduce the
temperature of the outer glazing by 2 °C whereas it wouldn’t make a notable impact on
inner glazing temperature. Moreover, it wouldn’t give solid and direct relation to notice,
despite the wide range of velocities been tested. Nonetheless, it seems that velocity makes
higher and more tangible impact on outer pane than the effect of difference of the
temperature start to appear. Note that in the previous chapter the impact of third law of
thermodynamics was very clear in experimental field, where air was cooling the outer pane
in clearer and higher rate; that the implication of the figure54 represents into certain extent

that the heat is being transferred to inner pane with variant pace depending on the velocity.

Air Velocity Impact on DGEW
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Fig. 54 Velocity impact on glazing temperature for DGEW
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Figure 55 illustrates the contour of the temperature for the inner glazing at different
velocities in domain of 0.343m/s to 0.543m/s consecutively from left to right; it can be
notice that the lower operation of the inner glazing has lower temperature than middle and
upper portion by 3°C to 4°C. moreover, as more the velocity increase the cold lower portion
area keep increasing vertically, which is expected outcome from increasing the velocity.
On the other hand, increasing the velocity may result of less contours, which may translate

of tense variation of temperature along the glazing vertically, which can’t be noticed in

a b [¢

Fig. 55 Contour variation for inner glazing for A. V=0.343m/s, B. V=0.434m/s, C. V=0.534n/s

l l
0100 0300 0.100 0300

Fig. 56 Contour variation for outer glazing for A. V=0.343m/s, B. V=0.434m/s, C. V=0.534n/s
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figure 55a, that contours seem smoother however, the same effect can be noticed in figure

56 which represents the outer glazing.

Figure 57 illustrates impact of air gap on DGEW on surface glazing temperature of the
windowpanes, it shows that increasing the air gap from 2 to 4 cm would give 2 °C reduction
in temperature for the inner glazing pane, where it would remain constant for the remining
air gap, which are between 4 to 8 cm. On the other hand, the temperature of the outer glass
pane would remain constant without any notable variation. However, these results are
aligned with main guideline of glazing and cavity system design in literature or standards
such as ASHRAE, which says that window systems which contain cavity always tend to
have optimum limit where the increasing space of the gap would be feasible thermally. On
the other hand, it can be noticed that the phenomena of heat transferring from the outer
pane to the inner pane even removed in this trial that after 4 cm air ability to transfer heat

between glazing pane start getting less and barely noticed.

Air Gab Impact on DGEW
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Fig. 57 Air gap impact on glazing temperature for DGEW
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Figure 58 illustrates impact of air volume on DGEW surface glazing temperature of the
windowpanes, it shows that increasing the amount of air flowing inside the gap would
make a notable reduction of inner glazing by 4 degrees, and do the same with the outer
pane; it would give rate of reduction in span of increasing the volume from 3 kg/s to 13
kg/s. Such a figure could give perspective on the required air volume in order to get tangible
reduction of the inner glass pane temperature; the importance of such output that give a
higher rang e of application for such a system -assuming its feasibility- won’t be restricted
to big space or rooms where air volume could be available, that relatively small amount of

air would be enough; moreover, the rest of air could be retreated and cooled down.

Air Volume Impact on DGEW
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Fig. 58 Air volume impact on glazing temperature for DGEW
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Figure 58 illustrates the impact of RA temperature on inner glazing temperature for
DGEW, it can be noticed that in span of temperature between 24 °C to 34 °C inner glazing
temperature increased by almost 2°Cm where the outer pane increased by almost same
amount. In addition, it can be noticed that DGEW system is not very sensitive toward
changes in RA temperature, that between 24°C to 28 °C there is only increment by 0.3 °C,
which considered a very positive outcomes, that even if the RA is relatively high DGEW
could perform effectively well. On the other hand, figure 59 illustrate the impact of RA

temperature visually by show temperature contour on the inner glazing.

Impcat of RA Temperature on DGEW
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Fig. 58 Return Air temperature impact on glazing temperature for DGEW

a b

Fig. 59 Contour variation for inner glazing for A. RA=28°C, B. V=30°C, C. V=32°C
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Figure 60 illustrates impact of air volume on DGEW on surface glazing temperature of the

windowpanes and compares it with normal double-glazing system, the figure shows that

outer glass pane increases gradually with outdoor temperature, which is very expected,

nonetheless, inner glazing pane increases by rate of 1 degree in span of 18-degree variation,

from 36 °C to 52 °C. on the other hand, normal double-glazing system have lower outer

glazing temperature and higher inner glazing temperature, however, they are very close in

value and increase within the same rate, where in DGEW they have totally different

tendencies. Nonetheless, despite following the Zhang’s model, yet, the DGEW has higher

tendency to cool the outer glazing comparting to the inner one, on the other hand,

comparing its performance with DGW, that at 52°C outdoor, inner glazing has 2°C rate of

reduction, while the outer one has around 3°C.

Outdoor Temp. Impact on DGEW Comparing with 20mm DGW
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Fig. 60 Outdoor temp. impact on glazing temperature for DGEW
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Based on the simulation results which is conducted in high outdoor temperature to replicate
the condition of Saudi Arabia and city like Dharan; based on these outcomes, a general
guideline can be created for DGEW, to get the best condition for Dharan and Saudi Arabia,
which is to have 2cm air gap, 13kg/s of air volume or 0.634 m/s velocity of air inlet, and
within out wide range of outdoor temperature up to 52 °C. These results can provide the
required level of heat transfer reduction and fulfill the required aim of using such a system
in buildings, especially in Saudi environment and in type of building like skyscape
enveloped with curtain walls. Figure 61 compares the performance of DGEW with
conventional type window with 12mm air gab (DGW) on standard set testing condition
which is a combination of figure 62 & 63 which are comparing the outer glazing and inner
glazing respectively; figure 61 illustrate that inner glazing temperature reduced by 2°C
comparing with DGW, and this reduction could reach 4.5°C when inlet air velocity is 0.634
m/s, however, one way to reduce the inner glazing even more in comparison to DGW, is
to increase the air volume or air mass volume to 13kg/s which could reduce the inner
glazing to 26.125°C which is equal to 7°C reduction comparing with DGW in the sample

outdoor condition.

Outdoor Temp. Impact on DGEW Comparing with 12mm DGW@ standard testing
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Outdoor Temp. Impact on DGEW Comparing with 12mm

DGW
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Fig. 62 Outdoor temp. impact on outer glazing temperature for DGEW comparing with 12mm DGW

Figure 64 and 65 shows the relation between air gab and velocity; in other words, it was
made to see if air gap impact is related to the distance between glazing pane it is effect on
conductive heat transfer between them, or it is related with amount of air, which is
represented in term of inlet air velocity, that the higher the velocity of air would result in
higher amount of air volume or air particles. Hence, figure 64 shows the relation of the
inner glazing temperature with different gab with different velocities at the standard sat
condition mentioned earlier; it can be noticed, 2cm air gap have the high inner glazing
temperature while the 10cm have the lower temperature and the gaps between tend in that
rate respectively as expected, nonetheless, increasing the air gab and increasing the velocity
inrange 0.234m/s to 0.343m/s would make relatively high steep reduction of inner glazing
surface temperature; that while for 2cm to 6 cm gap the reduction within the same velocity
range is around 2°C, for the 8cm and 10cm the reduction is around 4°C, which is quit

controversial considering the previous results.
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On the other hand, figure 65 illustrates the same for the outer glazing, which shows more
predictable behavior in comparison with the inner glazing, that outer glazing shows minor
reduction in relation with air gap size and velocity, that it varies in the range of 33.5°C and
31°C; nonetheless, it can be noticed that increasing inlet air velocity doesn’t make much
of difference for the outer pane surface temperature; which can be explained due to lack of

ability of the glazing and air flow to transferee the heat to the inner glazing.

It is important to note that there is no certainty that the amount of air volume or inlet air
velocity sat for the simulation/experiment can be considered adequate for the air gab, that
the proportion of the volumetric air required to get the best thermal performance is not yet

well covered in the literature.

Relation between Air velocity and Air gab in term of inner
Glazing Temperature
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Relation between Air velocity and Air gab in term of outer
Glazing Temperature
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Table 19 summarizes all the previous results with percentage of difference, to give a
more general view of the thermal performance of DGEW.

Table.19. summary of DGEW performance with percentage of differences

Air Gap Rate of increment/reduction
Air Gab Outer Inner Outer Window Rate | Outer Window Rate
Window Window of reduction % of reduction %
2 34.066 30.831 1.347384489 6.360481334
4 33.607 28.87 0.255899069 0.13855213
6 33.521 28.83 0.008949614 0.138744364
8 33.518 28.79 -0.008950415 0.138937131
10 33.521 28.75
Air Volume Rate of increment/reduction
Air Outer Inner Outer Window Rate | Outer Window Rate
Volume Window Window of reduction % of reduction %
3 34.498 30.054 2.582758421 3.939575431
5 33.607 28.87 3.514148838 2.764114998
7 32.426 28.072 1.483377537 3.441151325
9 31.945 27.106 4.661136328 3.619124917
11 30.456 26.125 1.10323089 2.660287081
13 30.12 25.43
Air velocity Rate of increment/reduction
Outdoor Outer Inner Outer Window Rate | Outer Window Rate
Temp. Window (EA) | Window (EA) of reduction % of reduction %
36 31.066 28.856 -2.919590549 -1.871361242
38 31.973 29.396 -3.112000751 -1.925432032
40 32.968 29.962 -3.021111381 -1.889059475
42 33.964 30.528 -0.300317984 -0.992531447
44 34.066 30.831 -4.077379205 -1.391456651
46 35.455 31.26 -3.110985757 -0.47024952
48 36.558 31.407
Return Air Rate of increment/reduction
Return air Outer Inner Outer Window Rate | Outer Window Rate
Temp. Window Window of reduction % of reduction %
24 33.6 30.515 -1.386904762 0.439128298
26 34.066 30.381 -3.710444431 -1.444982061
28 35.33 30.82 -1.242570054 -1.42439974
30 35.769 31.259 -1.224524029 -1.401196455
32 36.207 31.697 -1.665423813 -1.463860933
34 36.81 32.161
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5.2.4- TGEW in hot climate of Saudi Arabia

In this part TGEW performance has been tested in environmental conditions of Saudi
Arabia, where the outdoor temperature and other simulation parameter are matching with
previous CFD setup made for DGEW, noting that air has been flowing between outer and

mid glazing pane, which is the summer mode design by Zhang et al [69].

Figure 66 indicate the impact of air velocity on glazing temperature of TGEW; the glazing
surface for the three glass panes is represent in graph 59, which indicate that air velocity
won’t make a notable impact on glass surface temperature in the three of the windowpanes,
hence there is no tangible or direct relation can be detected on the impact of velocity on
glass temperature, that it keep getting frequent up down without a solid relation,
nonetheless, inner glazing pane have sort of solid direct relation between air velocity and
its temperature that it reduces in span of 1 degree in range of 1 m/s increment in velocity.
The indoor average temperature remains below 25 degrees. But the system works better
when the air velocity is low. This is probably due to the reduction of turbulence which

usually increases heat transfer by convection.

Figure 67 shows the impact of air gap between the three glass panes; it shows that
increasing the air gap from 2 to 4 cm would give 2 °C reduction in temperature for the
inner glazing pane, where it would remain constant for the remining air gap, which are
between 4 to 8 cm. On the other hand, temperature of the outer and mid glass pane would
increase gradually by 6°C while increasing the air gap, which occur mainly due to the fact
of its inability to transfer its gain heat to inner glazing pane, therefore, surface temperature
remains constant within air gap equal or less than 4cm. In other words, in terms of air gap

thickness, the larger the thickness is better, however, it there is no feasibility in increasing
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gap’s width more than 4cm as figure 64 indicates, therefore, air gab lower or equal to 4cm

is recommended for related application in this study.

Air Gap impact on glazing temperature for TGEW
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5.3- EAW experiment implementation guideline in hot climate of Saudi
Arabia:

In this part, a testing guideline is presented to direct researchers to avoid mistakes made in

previously mentioned experiments in hot climates, and present lesson learned.

AAMA testing procedure was followed precisely while conducting experiments, except
for the required size, which is more than 3m?; nonetheless, it seems that this standard fits
the conventional type of windows but is not efficient at all when testing EAW or any type
of air flow windows. AAMA considers Window’s U-value while conducting the
experiments or extracting results, while in EAW or air flow window must measure by
efficient U-value (Uesr), that heat which is been transmitted through glass panes has been
mixed or joined with air floating inside the gap, which increase the uncertainty of U-value
measurements. Therefore, presenting the concept of Ut which is based on surface
temperature of windowpanes is critical when conducting experiments on these types of

windows.

It is recommended to make specified standard of experiments, dedicated for EAW, and
how to measure all its related values, such as U-value, R-value, heat flux etc. While
conducting the literature review there wasn’t a single published paper describing testing
procedure of EAW or air flow windows in general, which is considered as a huge research
gap. Nonetheless, a general guideline is describing all necessary points related
experimental procedure required, to avoid mistakes which could increase uncertainty of

the results; the guideline is presented as follows:

1- To measure the sole impact of air flow window or EAW specifically its
recommended to neutralize as many factors as possible, one way to do that is avoid
making the experiments under solar radiation.

2- It is recommended to have two chambers, to replicate both environments (hot &
cold), to ensure the consistency of temperatures of the windows surfaces.

3- Heating the chamber which represents the outdoor should be by providing heated
air, not by allocating the heat source inside the chamber, to avoid the effect of

radiant heat.
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4-

Heating the outdoor shouldn’t be generated by any type of radiation, that it would
harm the experiment outcomes severely, that radiation don’t get affected by air
flowing inside the gap, because radiation don’t need medium to travel through,
which in results, would give negative results always.

As mentioned previously, it seems that AAMA isn’t useful for EAW, one example
of that, AAMA state that chamber temperature is determined by surface
temperature of the window, by allocating temperature controller on window
surface; this would cause that glass wouldn’t have opportunity of cooling up, that
wherever its temperature would decreased, the thermal controller will send signal
to thermal controller to starting heating the window to keep its set temperature. It
recommended to have several temperature sensors, and the thermal controller make
the heater work when the average of their reading go below the set temperature by
2 to 4 °C. this thermal gap, would give the window allowance to cool up and create
an adequate ability to absorb the heat.

The function of heat transfer between outdoor and indoor can’t be separated for the
properties of air flowing inside the gap, especially velocity, which is based on the
previous experiments and simulations make notable impact on thermal EAW
performance, therefore, tight air velocity measurement should be made at air inlet
and outlet and along entire window section, not conducted in the experiment made
in chapter 3, where velocity is measured and determined at the inlet only.

A one pilot experiment required to be made for long hours, say 8 hours, to
determine expected time range where the system reach equilibrium or steady state.
Therefore, all other experiments were done with high certainty that the system
reached the equilibrium state.

Evaluation of the system is recommended to be based on surface temperature
solely, or at least to be the main criteria of thermal performance evaluation, that
any other criteria like U-value, R-value, or heat flux would be extremely difficult
to be measured in precise scientific way, that the behavior of air flowing and its
attitude between glass panes play critical role in measurements of these values.

Moreover, air itself takes some of the heat while it is traveling through the window
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section by high relative speed and pressure, in other words, the amount of heat
removed or gained by the system is difficult to be tracked with casual tool and
instruments.

Define EAW properties
(window size, air gab width, _.etc.)

l

Make two chambers with controlled environment

l

Chamber which represent outdoor hot environment, should be
heated undirectedly, by pushing hot air inside from another
chamber.

!

Don’t allow any type of radiation to infiltrate to the
chamber; don’t generate heat by radiation.

l

After fixing the setup, make the thermal controller
work based on average room temperature, not by
surface window temperature.

|

Fix all factors, to get the absolute impact of the
studied factor. Two factors per experiment can’t be
studied in this system.

|

Make one pilot experiment last for long hours, to
determine the time range which the system would
reach the equilibrium .

l

Evaluate results based on surface temperature
variation only.

Figure 65 summarize and illustrate the previous points in systematic steps, to make it easier

Fig. 65 experiment implementation guideline in hot climate of Saudi Arabia

for researchers to flow:
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5.4- EAW prediction guideline in hot climate of Saudi Arabia:

This section presents the prediction guideline to provide a procedure to forecast the
expected results, with factors in range of hot climate of Saudi Arabia, based on the previous
simulation results. In respect to all factors that have been tested, outer glass pane is always
the surface which show highest pace of variability in DGEW and TGEW. Nonetheless, this
guideline will present its recommendations based on impact of such factor on reducing the
inner glazing temperature only; needless to say, reducing inner glazing temperature would
make it closer to indoor temperature, therefore, less heat transfer between indoor
environment and glass portion, moreover, cooler inner pane would reduce its amount of

radiation.

DGEW shows good outcomes when installing aluminum fins, that these fins uniforms the
air movement inside the gap, and prevent most of heat transfer between inner and outer
glass panes, by preventing the horizontal convention which was the main reason of getting
negative result during experiment process; that when inflating air inside the gap turbulence
effect used to move heat from the outer pane to the inner one, which result rapid decrease

in the outer one and rising the inner one.

On the other hand, air fins may disturb visual quality of the window/curtain system, that is
why it is recommended to study the angle of the fins, which give the best thermal
performance and visual quality, nonetheless, these fins can be an advantage when it came
to reaction of window with solar radiation, that it would be able to break its direct rays; in
this paper angle of 45 degree was used as per Zhang et al . Figure 68 shows how fins
inclination toward outer pane make air flow faster near to inner pane and prevent air to be
attached with outer hot pane; this type of design would result in preventing air to behave
as medium to transfer heat between both panes. Figure 65 shows that velocity near to inner
pane is around 0.24 m/s where is almost zero at the outer pane, which result in cooling the

inner one, which is the required outcome.

Figure 69 show air flow between glass panes without aluminum fins, that velocity tend to
be more unformal, which allows air the behave as medium for heat to be transferred from
the outer to inner pane, hence figure shows that 0.13 m/s is the average velocity, which is
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half the velocity when there are aluminum fins: in other words, not using fins would reduce
the velocity of air flowing, while using fins would at least keep the velocity and air

momentum; keeping high velocity would increase air capability to reduce glazing
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Fig. 68 Air velocity distribution with air fins inside the gap
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temperature, taking in consideration that inlet velocity was around 0.2 m/s, When it comes
to velocity, it is preferred to keep within the range of 0.5m/s-0.6m/s, that in this domain
there is notable 4°C to 5°C when comparing with conventional type of windows. On the
other hand, 4 cm air gap is good air gap for windows, that comparing to 2cm gap, it has
ability to reduce the temperature of the inner pane by 2 °C, that it would reduce heat transfer
between inner and outer pane; playing with such factor has almost no impact outer glass
pane. However, going above 4 cm gap wouldn’t have any impact on inner or outer pane,
even increasing gap width from 2 to 4 cm need further study on its feasibility that increasing
air gap by 2cm for only 2°C reduction doesn’t sound attracting, in other words, does
reduction of 2 °C of inner surface temperature would reduce energy consumption by value
which could cover the increment of the initial cost of windows system of 4cm frame?
Without answering this question, flowing 2cm air gap would be a good alternative than

4cm.

Volume of air give almost the same outcomes of velocity, that it has strong impact on the
outer pane and the inner pane, having mentioned that, amount of air volume has the
strongest impact among all other factors, that it gives more than 4°C reduction in span of

3kg/s to 13kg/s, and reduction of 7°C when comparing with conventional type of window.

When it comes to outdoor environment where EAW have to work in term of outdoor
temperatures, it can be noticed that DGEW at 36 °C outdoor temperature, difference
between inner and outer glass pane is 2°C, and this temperature gap keep increasing by
constant pace, until it reach 6°C, that inner glazing reach 28 °C while outer one is 34°C at
outdoor temperature of 52°C which is quite extreme, nonetheless, when considering
average temperature of summer in Dharan, Saudi Arabia which is 40°C to 45°C, difference
between two glass pane become between 4 °C to 5°C; hence the difference between glass
pane come from the outer pane, that inner pane remain almost constant among all
temperature tested, where outer pane is increasing gradually and provide 7°C rise among

tested temperatures.
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Table.20. Design guideline for EAW in hot climate of Saudi Arabia

Optimum conditions for EAW in hot climate of Saudi Arabia

Factor Recommended Value
velocity 0.6 m/s
Air gap 4cm
Air volume 13 kg/s

Air Fins; to prevent air flowing from
transferring heat form outer to inner pane, and
to enhance convective heat transferer between

glass panes

Other components

Table 19 gives and summarizes the best required velocity, air gap and volume of air for
EAW to operate in hot climate and get lower inner surface temperature as performance

evaluation tool.

Table.21. Design guideline for EAW in hot climate of Saudi Arabia

Rate of increment /reduction

Variant . .
of inner glazing temperature

each increment in air inlet velocity of 0.1 m/s results

Air Veloci
1Ly on reduction of inner glazing by 0.17°C

increasing air gap by 1cm results of 0.98°C reduction
Air gap of inner glazing until 4cm, after 4cm increasing the

give no tangible impact
In

increasing air volume by 1kg/s cause

Air mass volume - . .
0.46°C reduction of inner glazing temperature

Return air increasing RA temperature by 1c results of reducing
temperature inner glazing by 0.16 °C
Outdoor each 1°Cincrement of outdoor temperature results in
temperature 0.16 increment of inner glazing temperature

addition, results of DGEW can be summarized in the form of relation between unit
increment of the studied variant criteria with glazing surface temperature. Table 20 shows
the rate of glazing temperature in relation to air velocity, air mass volume, air gap, outdoor
temperature, and RA temperature. It can be noticed from table 21 that air gab has the most

tangible impact on reducing inner glazing temperature that increasing the gap by lcm
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would reduce the inner glazing temperature by 1°C, where air mass volume had the second
strongest impact on the thermal performance of DGEW, that increase the air volume by

lkg/s resulting in reduction of almost 0.5°C.

However, such an outcome would help project stakeholders to fulfill Saudi Building Code
(SBC) requirement when it came to glazing requirements, hence, SBC doesn’t discuss
energy regulation related to High rise buildings in term of energy conservation
requirements. Nonetheless, taking the extremist condition discussed in SBC which is
50%Window to Wall Ratio (WWR) and 0 Projection Facto (PF); as mentioned in table 21
U-Factor of 0.4 is required, which EAW would help to achieve. Considering heat flex out
of simulation is 2.2 W/m? and 6°C difference an effective U-value of 0.367 W/m?°C based
on equation 2. Such an output would help engineers and designers to reach the required
value without increasing the window specifications. On the other hand, DGEW as system
would cut the amount of heat gain by 1.211W which can be calculated by equation 3,

considering the area of the simulated and experimentally tested window which has area of

0.46m? . U - value = =...... Eq2

Heat Gain = UxATxA ... ... Eq3

Table.21. Window required U-value as per SBC.

DESIGN BY ACCEFTABLE PRACTICE FOR COMMERCIAL BUILDINGS

TABLE 6.2.2(10) (Continued)
WINDOW AND GLAZED DOOR AREA GREATER THAN 40 % BUT NOT GREATER
THAN 50% OF ABOVE-GRADE WALL AREA

Element Condition | Value

Skylights ([-factor} |

Slab or belww-grade wall {R-value) R0

Windows and Glass doors Solar Heat Gain Factor (SHGC) U-factor
PF=025 04 3978
025 < FE< .50 (5 107
PEz (.50 07 3578

Roof assemblies (R-value) Insulation between framing Continwous insulation
All-wood jost/truss R-4.403 R-3.340
Metal joisttruss R-4.403 R-3.512
Concrete slab or deck NA R-3.346
Metal purlin with thermal block R-5.284 R-3322
Metal purlin without thermal block X R-151

:::,: d‘::;;x?;;: :;-::Euc] Insulation hetween framing Continuous insulation
All-wood joist/iruss R-1.937 R-1.233
Metal joist/truss R-1.937 R-1.409
Concrete slab or deck NA R-1233
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Chapter-6

Conclusion and recommendation

Building envelope plays a vital role in reducing energy consumption in buildings, which
reflect on it life cycle cost, however, considering hot climate like Saudi Arabia, decreasing
the level of heat transferee become a necessity. Using Energy Active Window (EAW)
adapts window insulation technology to reuse low-grade air from the HVAC system. This
technology makes the temperature at the internal surface of the window close to the indoor
air temperature, which would decrease heat transfer between indoor and outdoor. The
system uses two basic concepts related to window thermal design: firstly, moving air has a
higher ability to reduce surface temperature than stagnant air; secondly, air resistivity has

an inverse relationship with its temperature.

EAW was tested by 4 different models with 18 alternative experiments to measure its
thermal performance, which shows that temperature of the inner window would increase
not decrease, which would be an additional heat source, therefore, would create an extra
load on the indoor environment. Nonetheless, flowing air inside the window gap would
decrease the temperature of the outer glass panes, as result, it could reduce the irradiation,

therefore reduce inner window temperature.

However, when making CFD simulation based on the experimental model reference to the
literature, DGEW and TGEW show a positive window. A reduction of 4 °C in hot climate
where outdoor temperature is 45 °C and could go down to 6 °C when the outdoor
temperature reaches 52 °C and could go even to 7 when there is when air volume reaches

13kg/s when comparing it with conventional type of windows.

These contradicting results may imply that there where high margin of error in the
experimental models made, that their results are contradicting with literature, so, it
important to make complete professional and high technological setup to be able to validate
CFD results with experiment, which is out of the capability of the researcher at this time
technologically, and financially. However, assuming the CFD results are the right one, and

based on its calibration with literature review, such a reduction of 4 °C in surface
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temperature of glazing would make a tangible impact of energy performance on buildings,

especially if it’s enveloped with curtain walls like office or high-rise buildings. Hence,

such a relatively new topic need be heavily tested and studied to be able to have a solid

judgement on its performance, that this work focuses on air flowing impact only without

considering other engineering and technical perspectives, like how window system will

suck return air from the room.

Nonetheless, here are list of factors that may cause high margin of error on the experimental

setup, leading to conflict with literature and CFD simulation:

1-

The heater generates a relatively high amount of radiation, which would create
direct impact on inner pane surface temperature, that for most of the models,
chamber was representing the outdoor temperature.

Thermal controller works whenever glass pane reduced lower than the set
temperature which don’t give the system opportunity to cool up, that in the
experiment it is extremely hard to make window system determine by coupling.
Low ability to control air flowing inside the glass, that parameters like quantity of
air and its pressure requires special type of equipment to control it.

Heat flux measurement was required to have solid analysis behind such phenomena
like inner pane increasing of its temperature.

An annual range study to evaluate the system performance under solar radiation for
longer span of time.

Increase the experiment duration more than two hours to insure there is no variation
of temperature may occur, and to insure also, the system reaches steady state, hence,
itis fact in physics that thermal energy is transferred from hot bodies to cold bodies,
not vice versa by convection; however, the probability that system doesn’t reach

equilibrium is high.
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6.1-Recommendation for future work:

Based on the highlighted findings in this study, several recommendations for future work

were raised to extend the limitation associated with this study. Following is a brief

description of future research work:

1-

It is extremely important to have full model installed in building in real life
condition, to provide absolute result, that there are always factor which could
impact the performance of the window system, and these factors most of the time
can’t be determined or be known without experiment.

A clear systematic approach of how to test EAW thermally regardless to the
climatic regions is critically essential, to be able to have a solid ground to compare
between alternatives or other design solutions.

Impact of window dimensions, and ratio between its length and width is required
to be studied, to provide the optimum dimensions.

More research is required to investigate the impact of such a concept other than
thermal performance; it could be useful from other perspectives like reducing noise
or longwave radiation.

Provide a tight experimental model able to investigate condensation risk factor,

without impacting heat measurements accuracy.
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Appendices:

Testing window in extremely high Testing window in extremely high

temperature of at 80 °C temperature of at 80 °C, closer shot

Model 1-heating the chamber Model 1-insider outdoor chamber
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Model 2a —Inlet air temperature Model 2a —Inlet air temperature

Model 2a —experiment to study solar impact. Model 2a —Ait inlet from AC
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Model 2 —General view 01 Model 2 —General view 02

Model 2 —General view 03 Model 2 —Measuring
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Model 2A —experiment to study solar impact 01 Model 2A —experiment to study solar impact 02
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Faile trails- Glass structural failure Failed trails- Glass structural failure

Tools used to measure Tools used to measure
experimental factors, Hukefluks experimental factors, Hukefluks
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Model3 Noa setup- failures, fix measuring devices

Model3 Noa setup- failures, fix measuring devices
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Model 03 setup- cooperating with IR and Mr. Aftab to learn and fix measuring devices

Model 03 setup- wiring system for instruments
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Model 03 setup Model 03 outdoor chamber
warming up

Model 03 setup-surface temperature Model 03 setup and heat
measuring flux wiring
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Contour of inner, middle, and outer windowpane for TGEW

Contour of inner and outer windowpane for DGEW at 8 cm air gap
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Contour of inner, middle, and outer windowpane for TGEW
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