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ABSTRACT 

A major portion of the energy consumed in residential buildings is used for heating, 

ventilation, and air-conditioning (HVAC) systems. In fact, globally, HVAC systems 

consume more than 50% of the energy used in buildings. Many HVAC systems do not 

operate efficiently and lose 25-40% of their cooling or heating energy. Furthermore, 

considering daily temperature fluctuations, the efficiency of HVAC systems can be 

improved through the use of thermal energy storage (TES). The focus of this thesis is to 

investigate the potential to enhance the performance of HVAC systems through the use of 

fans, dampers, and integrated TES. Low-powered fans placed in vents (booster fans) are 

investigated for their performance to improve heating and cooling and reduce HVAC 

system run times. Furthermore, “smart” booster fans and dampers are considered in the 

simulations by optimizing the times at which they can be turned on or off during the 

simulations. Results show that the smart booster fan can significantly improve, even by 

greater than a factor of two, the airflow at a bad vent and the duty cycle of HVAC systems 

can be reduced to 4.5 hr/day. Duct systems with silica-based TES are also investigated. 

The silica-based TES system is charged using hot air, coming from a fan equipped with a 

resistive heater. Thus, the stored thermal energy is generated using electric power, 

providing an avenue for efficient electrification of heating in buildings. Experimental 

results show more than 50% of the amount of thermal energy that can be stored in the silica 

gel can be stored and retrieved as heated air. 
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Chapter 1  

Introduction and background 

A major portion of the energy consumed in residential buildings is used for heating, 

ventilation, and air-conditioning (HVAC) systems. In fact, globally, HVAC systems 

consume more than 50% of the energy used in buildings [1]. Most HVAC systems are 

powered by natural gas due to the high operating costs of electric-powered HVAC systems 

[2,3]. Natural gas consumption has a negative impact on global warming, and a total of 39.7 

metric tons of CO2 was emitted by natural gas-powered HVAC systems in Canada alone in 

2016 [4,5].  

 

1.1 Introduction and background for the evaluation of smart 
booster fans and dampers for advanced HVAC systems 

 

Many HVAC systems do not operate efficiently and lose 25 – 40% of their cooling or heating 

energy. A significant portion of these loses occur through the HVAC systems duct work. 

Duct systems may lose energy via heat transfer through the duct walls, or air leakage through 

damaged or poorly connected sections of the ductwork. Further, duct systems may be 

inefficient if poorly designed or installed, or if they become dirtied or obstructed over their 

lifetime [6]. Inadequate ducting systems cause high HVAC duty cycles and unnecessary CO2 

emissions. Improving the energy efficiency of HVAC systems has a large effect on reducing 
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the consumption of fossil fuels, which has motivated research towards improving the 

efficiency of HVAC systems globally [6-9].  

In addition to improving the energy efficiency of HVAC systems, it is also important to 

achieve proper ventilation rates and comfortable conditions to promote a healthy indoor 

environment [10,11]. Jahantigh et al. [12] studied a hybrid heating set-up comprised of a 

radiant heater and ventilated airflow in a residential building, in order to decrease the losses 

of heating energy and fuel consumption. The conditions and flow field surrounding a 

manikin which is located in the center of a 3*4*4 m3 room with height of 1.75 m, were 

simulated to optimize the system parameters. Their results showed that the hybrid heating 

system can quickly provide thermal comfort in a residential room and can reduce heating 

losses through walls by up to 25%. In a numerical and experimental study, to solve the air 

conditioning problem in winters wherein hot air is collected at the top of the room while 

colder air resides at the bottom, Delavari et al. [13] used a vertical duct with two fans at each 

end to circulate the air inside the room. Their result showed that the air conditioning duct 

inside the room could improve the energy efficiency coefficient from 0.43 to 1.05. The 

energy coefficient shows how much the air conditioning system focuses on the desired area 

over the undesired area, and if it is greater than one this implies more energy is concentrated 

in the target area, which results in increased energy savings. Other strategies have focused 

on sensor-based demand-controlled ventilation [14]. Research directed towards 

implementing these strategies has focused on CO2 concentration-based sensors [15], 

occupant-based sensing [16], and zone temperature-based sensing [17].  In this thesis, the 



 

 3 

effects of installing smart booster fans and dampers on the ability to regulate airflow and to 

reduce the duty cycle of a HVAC system within a residential building is investigated. The 

results from this investigation are presented in Chapter Two. 

 

1.2 Introduction and background for the numerical investigation 
of heat transfer in air channels for thermal energy storage 
applications in buildings 

 

Energy demand has significantly increased in building sectors over the past decade because 

of population growth, increased indoor activities, and more energy required to control the 

internal environment due to global climate change [18]. In Ontario, about 20% of the total 

energy supply is consumed in the form of electricity, most of which comes from non-emitting 

sources such as nuclear and hydro, while the other 80% is derived from burning fossil fuels 

for heating, transportation, and industry [19]. According to the Internal Energy Agency, in 

most countries the residential sector accounts for ~30% of the total energy consumption, 

however in terms of primary energy this value increases to around 40% [20]. Space heating, 

water heating, and cooking account for most of the fossil fuel use in residential buildings 

[18]. The energy required for space heating of residential buildings can be decreased by 

improving insulation, minimizing air leakage, using heat recovery from ventilation air, and 

optimizing the design of the components that are responsible for heating and cooling such as 

vents and ducts [21]. An important approach to minimizing energy consumption in the 
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building sector is through life cycle analysis [22]. The life cycle of a building includes the 

production of building materials, construction, the use phase (which includes operation and 

maintenance), disassembly, and disposal. All these phases can be considered in order to 

minimize the life cycle energy use and CO2 emissions. Several studies have shown that for 

buildings constructed in temperate or cold regions, most of the energy consumption over the 

building’s life cycle occurs during the use phase [23-25]. Thus, integrating and optimizing 

the design of HVAC components that reduce energy consumption during the use phase in 

buildings is a sensible strategy.   

In order to improve the efficiency of these systems, several studies have been done to reach 

the optimal design of heat transfer fins and channels. Each of these studies have suggested 

various shapes and designs based on their systems [26-28].  In another study, Mohan et al. 

[29] gave both theoretical and simulation analysis for the duct size. They also compared the 

pressure loss in rectangular and circular ducts, concluding that the circular duct has minimal 

friction loss. Also, Shah et al. [30] compared rectangular and circular ducts and showed that 

rectangular ducts cause more turbulence compared to circular ducts. In the study of the 

evaluation of smart booster fans and dampers for advanced HVAC systems, a prototype duct 

system was used to measure and evaluate the ability for smart booster fans and dampers to 

control airflow to different vents for the purpose of increasing the efficiency of HVAC 

systems. The results from both the experimental and numerical evaluation show that the 

smart booster fan and dampers can significantly improve the airflow at a vent that is 

underperforming [31].  
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Chapter Three of this thesis discusses the research about the numerical investigation of heat 

transfer in air channels for thermal energy storage (TES) applications in buildings. In this 

study the effects of the cross-sectional shape of air-channels on heat transfer from the internal 

surface of channels to air flowing through the channels is investigated. Air channels with 

circular, triangular, rectangular and sinusoidal shaped cross sections are considered. Further, 

heat transfer to air flowing through beds comprising these air channel shapes are also 

investigated. The beds have a greater cross-sectional area than the channels and can be used 

in the design of ducts that transport larger volumes of air in HVAC systems.  Numerical 

analyses are performed to investigate the outlet temperatures to optimize the shape of the air 

channels and beds. 

 

1.3 Simulations 

Engineers use computational fluid dynamics (CFD) to analyze and design the best HVAC 

system before installing or building the actual system or its prototype. CFD helps to 

understand the different aspects of the flow such as velocity, chemical and thermal reactions 

and to over come the problems that the HVAC systems might have and find the best 

solutions. So, it is necessary to conduct a CFD simulation for any HVAC system. There are 

huge number of applications for HVAC systems that can be simulated by CFD such as 

designing of the ventilation systems, building rooms or offices temperatures, designing the 

hood, steam and smoke evacuations, fire simulations, designing the ventilation of swimming 

pools and so on.    
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1.3.1 Governing equations 

 

Different equations were used in numerical simulations of flow. In this section, equations are 

shown:  

The mass conservation equation 

The conservation of mass equation, or the equation for continuity, is explained below [32]: 

𝜕𝜌

𝜕𝑡
+ 𝛻 · (𝜌𝑣⃗) = 0 (1-1) 

where 𝑣⃗ is the velocity, the fluid density is 𝜌, and time is represented by t. 

The momentum conservation equation 

Equation 1-2 represents the momentum conservation equation in a fixed frame which does 

not have any acceleration. [33]: 

𝜕

𝜕𝑡
(𝜌𝑣⃗) + 𝛻 · (𝜌𝑣⃗⨂𝑣⃗) = −𝛻𝑝 + 𝛻 · (𝜏̿) + 𝜌𝑔⃗ + 𝐹⃗ (1-2) 

where the static pressure is p, 𝜏̿  (described below) is the stress tensor, and 𝐹⃗  and 𝜌𝑔⃗  are 

the external body forces and gravitational body force, respectively. 

Below, 𝜏 ̿(the stress tensor)  is shown [33]: 

𝜏̿ = 𝜇[( 𝛻 · 𝑣⃗ + 𝛻 ·  𝑣⃗𝑇) −
2

3
𝛻(𝑣⃗ · 𝐼)] (1-3) 

where 𝐼 is the unit tensor, the molecular viscosity is represented by 𝜇, and the effect of 

volume expansion is shown as the last term on the right side of the equation. 



 

 7 

The energy conservation equation 

The energy conservation equation is shown below [33]: 

𝜕

𝜕𝑡
(𝜌𝐸) +  𝛻 · (𝑣⃗(𝜌𝐸 + 𝑝)) = 𝛻 · (𝑘𝑒𝑓𝑓𝛻𝑇 − ∑ ℎ𝑗𝐽𝑗

𝑗

+ (𝜏𝑒̿𝑓𝑓 · 𝑣⃗)) + 𝑆ℎ (1-4) 

Where p is the static pressure, 𝜌 is the fluid density, 𝑣⃗ is the velocity, t is the time,  𝑘𝑒𝑓𝑓 is 

the effective conductivity (𝑘 + 𝑘𝑡), where 𝑘𝑡 is the turbulent thermal conductivity, and 𝐽𝑗 is 

the diffusion flux of species 𝑗. 𝑘𝑒𝑓𝑓𝛻𝑇 shows the energy relocation due to conduction, 

∑ ℎ𝑗𝐽𝑗𝑗   shows the diffusion of species 𝑗, and 𝜏𝑒̿𝑓𝑓 · 𝑣⃗ shows the viscous dissipation. 𝑆ℎ is 

the heating sources that are defined by the user, sources such as heat flux from a surface, 

radiation, and surface temperature.  

In equation 1-4 [33]:  

𝐸 = ℎ −
𝑝

𝜌
+

𝑣2

2
 (1-5) 

Where ℎ represents the sensible enthalpy. The equation of ℎ for ideal gases is described 

below: 

ℎ = ∑ 𝑌𝑗ℎ𝑗

𝑗

 (1-6) 

In equation 1-6 𝑌𝑗 is the mass fraction of species 𝑗 and  

ℎ𝑗 = ∫ 𝐶𝑝,𝑗𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓

 (1-7) 
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Where 𝑇𝑟𝑒𝑓 is 298.15 K, and 𝐶𝑝,𝑗 represents the specific heat of species 𝑗 at a constant 

pressure.  

Standard k-ε model 

The sizes of large-scale eddies at the inlet in a CFD simulation of turbulent flow are defined 

using the turbulent length scale, also the time scale of eddies is calculated using the viscosity 

and dissipation. Both turbulent length and time scale are calculated by two-equation 

turbulence models. These models calculate two equations to measure the turbulent length 

and time scale. Ansys Fluent standard k-ε model, a semi-empirical model which solves the 

equations of model transport for dissipation rate (ε), and turbulence kinetic energy (k) is one 

such turbulence model and is economic, robust, and accurate for industrial-grade heat and 

flow simulations.  The extraction of the model equations depends on the boundary conditions 

and empiricism. Turbulence kinetic energy (k) is derived from an exact equation while the 

dissipation rate (ε) is obtained using physical reasoning. The standard k-ε model [34] is valid 

only for fully turbulent flow and neglects molecular level viscosity. Many modified variants 

are developed to implement this model over a wide range of flow conditions. Two such 

model implementations are the RNG-model [35] and the realizable k-ε model [36]. The rate 

of dissipation, ε, and turbulence kinetic energy, k, are calculated from Equations 1-8 and 1-

9: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘 (1-8) 

And  
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𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖

(𝜌𝜀𝑢𝑖) =
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
+ 𝑆𝜀 (1-9) 

𝐺𝑘 is the turbulence kinetic energy generation regarding the mean velocity gradients, shown 

in 1-10. 𝐺𝑏 represents the turbulence kinetic energy generation as a result of buoyancy, 

calculated in 1-11. 𝑌𝑀 shows the participation of the fluctuating expansion in compressible 

turbulence to the average dissipation rate, shown in 1-13. 𝐶1𝜀 , 𝐶2𝜀, and 𝐶3𝜀 are constants. 𝜎𝜀 

and 𝜎𝑘  are the turbulent Prandtl numbers for ε and k, respectively.  𝑆𝑘 and 𝑆𝜀 are turbulence 

and heating sources, respectively, which are defined by the user. 

𝐺𝑘 = −𝜌𝑢́𝑖𝑢́𝑗

𝜕𝑢𝑗

𝜕𝑥𝑖
 (1-10) 

𝐺𝑏 = 𝛽𝑔𝑖

𝜇𝑡

𝑃𝑟𝑡

𝜕𝑇

𝜕𝑥𝑖
 (1-11) 

Where 𝑢́𝑖 and 𝑢́𝑗  represent the fluctuating velocities in the corresponding direction. The 

turbulent Prandtl number is 𝑃𝑟𝑡 for energy and 𝑔𝑖 is the gravitational vector in the ith 

direction. 𝛽 is the coefficient of thermal expansion, calculated as 1-12: 

𝛽 = −
1

𝜌
(
𝜕𝜌

𝜕𝑇
)𝑝 (1-12) 

𝑌𝑀 = 2𝜌𝜀𝑀𝑡
2 (1-13) 

where the turbulent Mach number, 𝑀𝑡 is shown as: 

𝑀𝑡 = √
𝑘

𝑎2
 (1-14) 

Where a is the velocity of sound. 
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The turbulent viscosity (or eddy viscosity), 𝜇𝑡 , is calculated as below: 

𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

𝜀
 (1-15) 

Where 𝐶𝜇 is a constant. 

𝐶1𝜀 , 𝐶2𝜀 , 𝐶𝜇, 𝜎𝑘 and, 𝜎𝜀 are constant numbers given as [34]: 

𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝐶𝜇 = 0.09, 𝜎𝑘 = 1.0, 𝜎𝜀 = 1.3   (1-16) 

In order to predict the pattern of the fluid, the Reynolds number should be calculated for 

each study as follows: 

𝑅𝑒 =
𝜌𝑢𝐷𝐻

𝜇
 (1-17) 

Where the 𝜌 is the density of the fluid, 𝑢 is the mean velocity, 𝐷𝐻 is the hydraulic diameter, 

and the dynamic viscosity of the fluid is 𝜇.  

𝐷𝐻 =
4𝐴

𝑃𝑤
 (1-18) 

Where 𝐴 represents the cross-sectional area and 𝑃𝑤 is the wetted perimeter.  

The turbulence model is used in the simulations conducted in Chapter Two.  

In order to calculate the time step the Courant number, which is given by Equation 1-19, is 

set equal to one. 

𝐶 =
𝑣Δ𝑡

Δ𝑥
 (1-19) 

Where 𝑣 is the flow velocity, Δ𝑡 is the time step, and Δ𝑥 is the grid spacing.  
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1.4 Introduction and background for the application of 
adsorption-based thermal energy storage in HVAC systems 

1.4.1 Background of decarbonized electricity and heat pumps in the building 

sector  

Decarbonization of electricity generation followed by electrification in the buildings sector 

is known to be one of the promising pathways to achieve a low carbon future [37]. It is 

estimated that eliminating the use of fossil fuels in the building sector can support reductions 

in CO2 emissions by 31% by 2050 [38]. There are currently four technologies for 

electrification of space heating: air source heat pumps (HPs), air source HPs in conjunction 

with other heating sources, ground source HPs, and electric resistance thermal storage 

heating. Air source HPs are a common technology used to transport heat from outdoor to 

interior space during the heating season and from indoors to outdoors during the cooling 

season. HPs can be ducted or ductless. Ground source HPs transfer the heat to and from earth 

instead of the outside air. Electric resistance storage heaters, mostly in the form of elements 

encased in heat storing ceramic, have been used for decades [39]. HPs can produce equivalent 

space heating for as little as one-quarter the cost of conventional heating or cooling which 

operate based on fossil fuels [40]. TES systems are mainly used to merge renewable energy 

in the electricity production mix, and also proved to be useful for storing the electrical energy 

from peak to off peak hours, becoming useful for demand-side management (DSM) [41]. 

Using simple heat storage including tanks for the stratified storage of hot and cold water have 

been studied widely in building applications [42-44]. Sarbu et al. [45] reviewed TES 

technologies and described several energy storage methods and the calculation of storage 
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capacities such as sensible, latent, and thermo-chemical heat storages. In another study, 

Patteeuw et al. [46] have coupled TES systems to electric heating systems (HPs and 

resistance heaters). They showed that only these integrated systems can overcome the 

constraints on both the supply and demand side of electric power systems. Arteconi et al. 

[41] analyzed HPs with radiators coupled with TES to show how the HP system operates and 

affects the thermal comfort of occupants based on demand side management (DSM). They 

showed that the HPs integrated with TES systems can achieve good control of the indoor 

temperature, even after three hours of turning off the HPs.  

 

1.4.2 Thermal energy storage 

In order to improve renewable energy, much research has been done on energy storage 

systems. TES systems can conserve and save energy in a storage medium in order to use that 

energy at a later time [47]. Thermal energy can be stored in various forms: sensible heat, 

latent heat, and thermochemical heat [48]. Sensible thermal energy (temperature changes 

when heat is exchanged) technologies utilize the high heat capacity materials in solid, liquid 

or a mixture of solid and liquid states to store thermal energy. Most materials absorb or 

release thermal energy while changing the physical phase such as converting from solid 

phase to liquid phase and vise versa or from liquid phase to gas. Latent thermal energy 

technologies have this property of changing phases to store thermal energy. Thermochemical 

energy storage technologies utilize the properties of materials to undergo thermo-chemical 
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reactions after absorbing or releasing thermal energy to store thermal energy. These 

technologies, apart from heat transfer, also include mass transfer and kinetics of thermo-

chemical activity and are more complex in comparison to sensible and latent TES 

technologies. The TES systems work in a range of temperatures, power levels and with a 

variety of heat transfer fluids to suit the applications these are intended for, and therefore 

offer a huge scope of development in terms of system designs and methods. Thermal energy 

in these systems can be extracted directly from the storage medium or using a heat transfer 

fluid. There are a range of heat transfer fluids available to select from depending upon the 

temperature ranges and applications [49]. Installing TES capabilities in HVAC systems can 

improve the efficiency of the system and decrease carbon dioxide emissions [50]. 

 

1.4.3 Adsorption 

Adsorption is an exothermic thermochemical surface process in which adsorbate particles 

adhere to the adsorbent surface. In the adsorption process the solid material is called the 

adsorbent and the material that adheres to the solid material (also known as solute) is called 

the adsorbate [51]. Adsorbents are known as a highly porous materials with a pore surface 

area range between 100 to 1200 m2/g [51]. The affinity of an adsorbent are determined by 

the different molecular properties like dimension, the partial pressure, form, and polarity, 

and concentration in the fluid, and temperature. Van der Waals forces are responsible for 

adsorption to happen.  
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1.4.4 Heat and mass-transfer considerations  

The adsorbate molecules must find an empty and available space on the adsorbent surface to 

be adsorbed. This happens when the adsorbate spreads over the adsorbent and by convection, 

it detects its position along the pore surface of the adsorbent and then adsorbed on it [51]. 

The entropy of adsorbate molecules decreases when they are adsorbed on the adsorbent 

surface. The adsorption process results in the net surface energy decrease at the adsorbent 

material surface, which is giving it an exothermic character (∆𝐻 < 0). Also, adsorption 

results in the decrease in the entropy of adsorbate molecules (∆𝑆 < 0) in the adsorbate 

medium as the freedom to movement of adsorbed molecules decreases. As the adsorption is 

a spontaneous process, this decreases in enthalpy (∆𝐻 < 0) and entropy (∆𝑆 < 0) results in 

a negative Gibbs Free Energy (∆𝐺 = ∆𝐻 − 𝑇∆𝑆 < 0). 

 

1.4.5 Regeneration 

Regeneration is the process in which adsorbate molecules are desorbed from the adsorbent, 

such that the adsorbent is prepared to provide heat by adsorbing the adsorbates again. There 

are different types of regeneration methods such as contacting the adsorbent with a solvent 

that has a higher attachment for the adsorbate, contacting the adsorbent with gas or liquid 

that has little or no adsorbate, and increasing the temperature.   
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1.4.6 Silica gel  

Silica gel is made of silicon dioxide, having nanometer-scale voids and pores of out of order 

tridimensional structure of silicon and oxygen atoms. Silica gel (SiO2) is famous because of 

its high specific surface area from 300 to 850 m2/g. Silica gel is safe, cheap, non-corrosive 

and is regenerated easily by applying heat at temperatures of 70 °C to 100 °C for about 2 

hours [52-53]. The amount of energy which is released when adsorption happens is called 

the heat of adsorption and for the silica gel-water pair this amount is about 2000-2500 kJ/kg 

of silica gel.  

 

1.4.7 Background literature: adsorption-based thermal energy storage 

Currently, adsorption-based TES systems have received a lot of attention among researchers. 

One of the most important features of this technology is that it can be coupled with different 

applications such as refrigeration cycles or HPs.  

Kubota et al. [54] have worked on the silica gel adsorption HPs. They have designed a fin-

type silica gel tube to enhance the heat and mass transfer of the adsorber. In their results they 

stated that the cooling enhanced more than two times cooling output per unit absorber.  Aristo 

et al. [55] studied adsorption chillers (ACs) in conjunction with adsorption phenomena which 

uses adsorbent beads. Based on the results of their analysis, the dynamics is constant 

regarding the ratio of heat transfer surface area over adsorbent mass which may be utilized 
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for evaluating the measure of adsorption bed-heat exchanger's dynamic perfection the degree 

of dynamic perfection of an adsorbent bed-heat exchanger unit. 

Wang et al. [56] have worked on adsorption HPs which contains tubes for the adsorption in 

regards of cooling. They have stated that, specific cooling power and the coefficient of 

performance (COP) can increase up to 85 W/kg adsorbent and 0.5, sequentially. In another 

study, Zhang et al. [57], provided a numerical and experimental study on the honeycomb 

structure of an adsorption bed. They coated the silica gel on the sinusoidal fin shape. By 

passing moist air through the bed, they showed that the outlet temperature could rise by about 

30˚C. More applications can be found in the literature [58-59].  

The focus of research on silica gel studies has mostly been on the applications of 

dehumidification of the air and less on the opportunity of using the adsorption heat that can 

be extracted. A novelty of this thesis is to use the adsorption heat of the adsorption 

phenomena as TES integrated within an HVAC system, specifically during in heating 

seasons. The TES adsorption bed can be used in conjunction with the heating source in an 

HVAC system, and smart booster fans to heat a room that has heating problems over an 

extended period of time without significant increase to the duty cycle of the HVAC system.  

1.5 Overview of the thesis 

The objectives of the research carried out in this thesis are as follows: 

1) To experimentally measure the effects of installing smart booster fans and dampers on the 

ability to regulate airflow and to numerically evaluate the extent to which these fans can 

reduce the duty cycle in HVAC systems.   
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2) To experimentally measure the efficiency with which thermal energy can be stored in 

adsorbent-based TES systems directly integrated into HVAC ducts. 

To achieve objective one, an underperforming duct branch is built inside the laboratory. The 

duct has four vents, and an air blow is used to provide airflow. The effects of installing 

booster fans on the airflow through the vents is measured. The results from the experiments 

are used in CFD simulations (conducted using ANSYS) to numerically evaluate the effects 

of using the fans on the HVAC duty cycle in a model residential home. 

To achieve objective two, an experimental set up is built wherein a TES unit is directly 

integrated into an HVAC duct branch. This TES unit uses silica-based materials to provide 

thermochemical energy storage. Hot air is used to “charge” the silica gel. The silica is left to 

cool to room temperature and thermal energy is subsequently retrieved by flowing humid air 

across the silica.   Experimental results are used to measure the amount and efficiency with 

which thermal energy is stored and the benefits of using “clean” excess electric power to 

charge the TES medium is evaluated. The contents of each chapter are described in the 

following paragraphs. 

 In Chapter Two, the evaluation of smart booster fans and dampers for advanced HVAC 

systems are presented. At the beginning an introduction is given about the study then in the 

materials and methods section the two main parts of this study, which are the experimental 

and simulation parts, are explained in detail. After this section, the results and conclusions 

are presented. Results show that the smart booster fan can significantly improve, even by 

greater than a factor of two, the airflow to a vent at the end of a long duct-branch. These 
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results were also considered in the experiments of the TES bed and ducting system in Chapter 

Four. In these experiments a booster fan is installed at the end of a duct that is equipped with 

thermal energy storage to improve airflow and reach the desired velocity. This chapter has 

been published in the Journal of Green Building and permission to use the article in this 

thesis has been granted. Chapter Three is about the numerical investigation of heat transfer 

in air channels for TES applications in buildings. An introduction is given about the study. 

In the materials and methods, the details of two numerical studies for determining heat 

transfer within channels and beds are presented. The results shown that sinusoidal beds can 

assist in the design of the TES bed by applying the adsorbate material on the surface of 

sinusoidal fins. These results were used to design the TES bed used to carry out the 

experiments in Chapter Four.  

Chapter Four is about the application of adsorption-based TES in HVAC systems. An 

experimental set up is built wherein a TES unit is directly integrated into an HVAC duct 

branch. This TES unit uses silica-based materials to provide thermochemical energy storage. 

Hot air is used to charge the silica gel. The silica is left to cool to room temperature and 

thermal energy is subsequently retrieved by flowing humid air across the silica. Experimental 

results are used to measure the amount and thermal energy efficiency with which thermal 

energy is stored and the benefits of using clean excess electric power to charge the TES 

medium is evaluated. 

Chapter Five presents the conclusions that are obtained from each chapter and also provides 

recommendations for future work. 
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Chapter 2  

Evaluation of smart booster fans and 

dampers for advanced HVAC systems 

 

2.1 Introduction 

In this work, the effects of installing smart booster fans and dampers on the ability to regulate 

airflow and to reduce the duty cycle of a HVAC system within a residential building is 

investigated. A smart booster fan fits in the vents within a residential home, operating on low 

power (~2 W) to augment HVAC systems and improve their performance. A set of smart 

booster fans installed in vents throughout a home can measure their local temperature and, 

through wireless communication, operate in concert to optimize airflow to efficiently achieve 

the desired temperature at different zones throughout a home. Further, smart dampers 

installed in certain vents within a home may prevent airflow to preserve conditioned airflow 

for other vents further along the duct-branch. Herein booster fans and dampers were installed 

in an experimental prototype of a duct-branch system. The airflows at the inlets throughout 

this ducting system were measured for different cases wherein fans and dampers were 

situated at certain inlets within the duct-branch. The results from these experiments were 

used to numerically model the ability of the smart booster fans and dampers to improve 

airflow, regulate temperature, and reduce energy consumption, with a focus on 

underperforming inlets at the end of a long duct-branch in a model residential house. 
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2.2 Materials and methods 

2.2.1  Experimental measurements 

A duct-branch within a HVAC system was simulated inside the laboratory by designing and 

building a duct system equipped with an air blower that could be used to perform 

experiments. Images of the designed and actual experimental set-up are shown in Figures 

2.1a and 2.1b, respectively.  The duct-branch distributes air to four registers, or vents, and is 

enfolded in a wooden enclosure of size 120 x 233 x 60 cm3. Flexible ducting made of 

Aluminum was used. An air blower brings air in through an intake at the bottom left corner 

of the apparatus. The length of the duct between the blower and the first duct exit boot (vent 

1) is 2 m. The duct between the blower and vent 1 has an 8” diameter, while all other ducts 

in the apparatus have a 4” diameter. The length of ducting from the blower to the second, 

third and fourth vents is 5 m, 10.6 m and 19.2 m, respectively. The selection of these duct 

lengths was based on discussions with engineers from the company that supplied the smart 

booster fans, which was Smart Cocoon, Inc. The typical duct length for the first vent that 

goes to the first room is 3 to 6 m, for the second and third vents that go to the second room 

are 6 to 9 m, and for the fourth vent that goes to third room is 9 to 15 m.  The total equivalent 

length of this ducting system, including additional friction losses due to the curvature of the 

ducts, is 53.9 m which is comparable with the total equivalent length of some duct-branches 

in a typical residential unit. 
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Figure 2.1. (a) Experiment design of duct system (V stands for vent) (b) Experiment duct system (c) 

Installation of smart booster fan at the vent. 

Experiments were performed wherein smart booster fans were placed within different vents 

in the testing apparatus to determine their effect on air flow rates through the vents. By 

placing a smart booster fan in the vents which is connected to a smart phone, low airflow 

rates within the vents can be boosted to cool or heat the room much faster. A Vivosun blower 

with a maximum flow rate of 0.17 m3/s (360 CFM) was used to simulate the airflow from a 

house heater fan. An Extech SDL300 Metal Vane Thermo-Anemometer/Data logger was 

used to record the flow rates during the experiments. Dampers were installed at the boot of 

vents 1 and 2, to set the air flow through the duct system. The position of the dampers was 

set such that the air flow through vent 1, 2, and 3 was 0.042, 0.028, and 0.026 m3/s (90, 59.3 

and 55.6 CFM), respectively. Four experiments were conducted to measure the airflow rates 

through the four vents along the duct-branch.  In the first experiment, no fans or dampers 

were used. In the second experiment dampers were used at vents 1 and 2 to achieve the 
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desired airflow rates through inlets 1, 2 and 3. In the third experiment the dampers were kept 

in inlets 1 and 2 and a smart booster fan was used at Inlet 4. The fourth experiment was 

similar to the third, but with the addition of a second smart booster fan at Inlet 3. The 

operating conditions for the four experiments are summarized in Table 2.1. 

 

Table 2.1. Operating conditions for experiments one through four. 

Experiment 

No. 
Inlet 1 Inlet 2 Inlet 3 Inlet 4 

 Fan Damper Fan Damper Fan Damper Fan Damper 

1 x x x x x x x x 

2 x ✔ x ✔ x x x x 

3 x ✔ x ✔ x x ✔ x 

4 x ✔ x ✔ ✔ x ✔ x 

 

2.2.2 Numerical simulations 

2.2.2.1 Methods used for evaluating the ability of smart booster fans to improve 

airflow and heating 

The data attained from the experimental measurements were used to numerically 

model the ability of the smart booster fans to improve airflow and heating in a residential 

house. Numerical analyses were performed assuming an initial indoor temperature of 20 °C, 

and three different cases were considered wherein the outdoor temperature was 5 °C, 0 °C 

and -10 °C. CFD analysis was performed using Ansys software. The modelled house has 
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three rooms of sizes 3*3*3 m3 (9.85*9.85*9.85 ft3), 3*6*3 m3 (9.85*19.69*9.85 ft3) and 

3*3*3 m3 (9.85*9.85*9.85 ft3), which are referred to as room 1, room 2 and room 3, 

respectively. All the walls are considered to have a thickness of 0.3 m. The front, left side, 

and right-side walls of each room are assumed to be exterior walls with a heat transfer 

coefficient of 1.81 W/m2·K. This is typical of a wall made of solid brick with plaster on it. 

The roof, bottom and back walls are assumed to be interior walls that are perfectly insulated 

with a heat transfer of 0 W/m2·K.  Rooms 1 and 3 have one inlet and one outlet, and room 2 

has two inlets and two outlets, all of size 10.16*25.4 cm2 (4*10 in2). The model is meshed 

with 82825 tetrahedral elements with an element size of 0.39 m having a growth rate of 1.20, 

skewness of 0.84 and aspect ratio of 1.18, as shown in Figure 2.2.a.  A diagram of the model 

house used for the analysis is provided in Figure 2.2.b. The next step is to choose the solver, 

models, and solution methods that will be used to carry out the numerical simulations. The 

pressure-based solver type is chosen. In this method, a pressure equation solves the 

restriction of continuity (also known as the mass conservation) of the velocity. Also, absolute 

velocity formulation is used to decrease the numerical diffusion and have a more precise 

solution. The gravitational constant is set to 9.81 N·kg−1. To calculate the heat transfer 

equations, the energy model is selected. Considering the properties of air at 20°C, such as its 

density (1.2047 kg·m3) and dynamic viscosity (1.8205*10-5 kg·m-1·s-1), a standard k-e 

turbulent model is chosen (see Chapter One for details).  In the solution methods, the least 

squares cell based is selected for the gradient, second order is selected for the pressure, 

second order upwind method is used for the momentum and energy conservation equations, 
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first order upwind is selected for the turbulent kinetic energy and dissipation rate equations, 

and first order implicit transient formulation is chosen. Subsequently, the hybrid initialization 

is used to initialize the boundary conditions and to set the initial temperature of the fluid to 

20 °C. The last step is to choose the time step of the transient equations. It is determined by 

setting the Courant number equal to one. A time step of 0.02 s is chosen based on the velocity 

of the flow and grid spacing. To check the dependency of the simulations on the time step 

simulations were repeated using a time step of 0.01 s. To check the dependency of the 

simulations on the grid size, simulations were ran using a new mesh with 119,411 elements. 

Changing the time step to 0.01 and the mesh size to 119,411 changed the results by only 5% 

and 2%, respectively. A comparison of the results for simulations carried out using a timestep 

of 0.01 s and 0.02 s is shown in Figures A1 and A2 in the appendix. Also, a comparison of 

the results for when the mesh size is 119,411 and 82,825 is shown in Figures A3 and A4 in 

the appendix.     
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Figure 2.2 (a) House model with specified mesh as modeled in ANSYS (b) Diagram of house model. 

(a)



 

 26 

The air velocity measurements attained using the ducting apparatus shown in Figure 2.1.b 

were used as the input velocity at the vents for the CFD simulations. Vent 1 was located in 

room 1, vents 2 and 3 were located in room 2, and vent 4 was located in room 3. Data used 

in the simulation is collected from the experiments under ‘with fan’ and ‘without fan’ 

conditions. The boundary conditions used under ‘with fan’ and ‘without fan’ conditions are 

as detailed below in Table 2.2: 

Table 2.2. The boundary conditions used under ‘with fan’ and ‘without fan’ conditions. 

With fan Inlet 1 (room 1) Inlet 2 (room 2) Inlet 3 (room 2) Inlet 4 (room3) 

Airflow m3/s (CFM) 0.042 (90) 0.028 (59) 0.025 (53) 0.017 (37) 

 

Without fan Inlet 1 (room 1) Inlet 2 (room 2) Inlet 3 (room 2) Inlet 4 (room3) 

Airflow m3/s (CFM) 0.042 (90) 0.028 (59.3) 0.026 (55.6) 0.008 (17) 

 

Boundary conditions (same for ‘with fan’ and ‘without fan’) 

Inlet airflow temperature (°C) 40 °C 

Outlet air pressure (Pa) 1.2 Pa 

Insulation walls heat transfer No heat flux  

Wall thickness (m) 0.3 m 

Outer walls heat transfer 1.81 w/m2·K 

Initial interior room temperature (°C) 20 °C 
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2.2.2.2 Methods used for evaluating the ability of smart booster fans and smart 

dampers to improve airflow and heating 

Numerical simulations were performed to investigate the ability of smart booster fans and 

dampers to regulate the temperature of the building shown in Figure 2.2.b. It is assumed that 

each room is equipped with its own thermostat and the desired temperature in each room is 

22 °C. Further, it is assumed that the HVAC system is turned on and hot air is supplied to 

the rooms when their temperature drops below 20 °C, and that this hot air supply is not turned 

off until the temperature of the room reaches 24 °C.  Four different cases were considered, 

and the operating conditions for each case are provided below.  

Case 1: There are no fans or dampers present in any of the inlets.  

Case 2:  Dampers are not present in any of the inlets. A fan is installed in the fourth vent. 

Case 3: Fans are not present in any of the inlets. Dampers are installed in inlets 1, 2, and 3.  

Case 4: Dampers are installed in all four inlets. A fan is installed in inlet 4. 

For cases 1 and 2 the state of the HVAC system is determined by the thermostat in room 3. 

The HVAC system (airflow) turns on if the temperature in room 3 drops below 20 °C, and 

turns off if the temperature in this room exceeds 24 °C. For cases 3 and 4 each room has its 

own thermostat. The HVAC system turns on if the temperature in any room drops below 20 

°C and turns off if the temperature in every room is 24 °C or higher. Because the temperature 

profile of room 1 and room 2 in heating mode are almost the same, the dampers in inlets 1, 

2, and 3 are in a closed position when the thermostat in room 1 measures a temperature of 

24 °C or higher, such that hot air from the HVAC system is sent exclusively to room 3 via 
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inlet 4. All model designs and boundary conditions are kept as they were in the previous 

analysis except the airflow at inlets in heating mode which were measured by the experiment 

and are shown in Table 2.3. For cases 3 and 4 the airflows at the inlets have two stages. In 

the first stage, which occurs before room 1 reaches 24 °C, all the dampers are in an open 

position and air flows through all vents. In the second stage, when the temperature of room 

1 is at 24 °C or higher, the dampers at inlets 1, 2 and 3 are in a closed position and the airflow 

at these inlets is zero. Also, the temperature of the airflow at all inlets is assumed to be 45 

°C. 

Table 2.3. Airflow at inlets for the four different cases considered. 

Case 1 Inlet 1 (room 1) Inlet 2 (room 2) Inlet 3 (room 2) Inlet 4 (room3) 

Airflow m3/s (CFM) 0.042 (90) 0.028 (59.3) 0.026 (55.6) 0.008 (17) 

 

Case 2 Inlet 1 (room 1) Inlet 2 (room 2) Inlet 3 (room 2) Inlet 4 (room3) 

Airflow m3/s (CFM) 0.042 (90) 0.028 (59) 0.025 (53) 0.017 (37) 
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Case 3 Inlet 1 (room 1) Inlet 2 (room 2) Inlet 3 (room 2) Inlet 4 (room 3) 

Before room 1 

reaches 24°C 

Airflow 

m3/s (CFM) 
0.042 (90) 0.028 (59.3) 0.026 (55.6) 0.008 (17) 

After room 1 

reaches 24°C 

Airflow 

m3/s (CFM) 
0 0 0 0.040 (85) 

 

 

Case 4 Inlet 1 (room 

1) 

Inlet 2 (room 2) Inlet 3 (room 2) Inlet 4 (room 3) 

Before room 1 

reaches 24°C 

Airflow m3/s 

(CFM) 

0.042 (90) 0.028 (59) 0.025 (53) 0.017 (37) 

After room 1 

reaches 24°C 

Airflow m3/s 

(CFM) 

0 0 0 0.042 (91) 

 

 

2.3 Results 

2.3.1 Experimental results 

The results obtained from airflow measurements for experiments one through four are 

presented in Figures 2.3.a, 2.3.b, and 2.3.c.  
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Figure 2.3. (a) Air flow measurements for experiment 1 (no dampers and no fans installed) (b) Air flow 

measurements for experiment 3 (dampers at vents 1 and 2, one fan installed at vent 4) (c) Air flow 

measurements for experiment 4 (damper at vents 1 and 2, two fans installed at vent 3 and vent 4). 
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It is observed from Figure 2.3.b that the airflow through the fourth inlet increases from 0.008 

m3/s (17 CFM) to 0.017 m3/s (37 CFM) when one fan is installed at the fourth inlet and 

dampers are positioned at inlets 1 and 2. It can be noted that the overall airflow through all 

inlets increases by 7.07 %. Furthermore, as shown in Figure 2.3.c, airflow increased from 

0.008 m3/s (17 CFM) to 0.014 m3/s (30.6 CFM) when smart booster fans are installed at the 

third and fourth inlets. When smart booster fans are installed at the third and fourth inlets the 

overall airflow through all inlets increases by 6.03%. Notably, the airflow through the third 

inlet increased from 0.026 m3/s (55.6 CFM) to just 0.027 m3/s (57.6 CFM) when the booster 

fans were installed at both the third and fourth inlets. 

2.3.2 Simulation results 

2.3.2.1 Results from evaluating the ability of smart booster fans to improve airflow 

and heating 

Figures 2.4.a to 2.4.f plot the temperature in rooms 1, 2 and 3, for the model residence shown 

in Figure 2.2.b. The initial temperature for all rooms in the house is 20 °C and the ambient 

temperature is 5 °C for the results shown in Figures 2.4.a and 2.4.b, 0 °C for the results shown 

in Figures 2.4.c and 2.4.d, and -10 °C for the results shown in Figures 2.4.e and 2.4.f. The 

amount of time it takes to heat the rooms from 20 °C to 24 °C with and without a smart 

booster fan installed within the vent in room 3 is shown for all cases. 
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Figure 2.4. (a) Simulation results for an outside temperature of 5 °C with fan, (b) without fan (c) 

Simulation results for an outside temperature of 0 °C with fan, (d) without fan (e) Simulation results 

for an outside temperature of -10 °C with fan, (f) without fan. 
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It is observed from Figure 4 that it would take 2.9 minutes to heat room 3 from 20°C to 24°C 

with the fan when the outside temperature is 5 °C. However, without a fan installed in room 

3 its temperature is just 22.1 °C after 8.5 minutes, and the room will not reach 24 °C in a 

practical amount of time. When the outside temperature is 0 °C, it would take 3.7 minutes to 

heat room 3 from 20 °C to 24 °C with the fan installed, but without the fan room 3 does not 

reach 24 °C (Figure 5). As shown in Figure 6, it would take 6 minutes to heat room 3 from 

20 °C to 24 °C with the fan, however, without a fan room 3 is not going to reach 24 °C under 

an outside temperature of -10 °C. Thus, room 3 will not reach 24 °C in a practical amount of 

time for any condition considered in this study unless it is equipped with a smart booster fan. 

2.3.2.1 Results from evaluating the ability of smart booster fans and smart 

dampers to improve airflow and heating 

Simulations were also performed to study the temperature of the rooms in the model house 

shown in Figure 2.2.b as the airflow through the vents in the house was turned on and off. In 

these simulations the airflow through the vents was assumed to be set in an “on” or “off” 

state based on the temperature reading from a thermostat situated in each room. It is assumed 

the thermostats in each room is set to 22 °C and the dampers (if installed) would close the 

inlets of rooms that reaches 24 °C and the airflow would be directed to the other rooms. For 

these simulations, because of the similarity of the temperature profile in rooms 1 and 2, the 

dampers in inlets 1, 2, and 3 are in a closed position when the thermostat in room 1 measures 

a temperature of 24 °C or higher, such that hot air from the HVAC system is sent exclusively 

to room 3 via inlet 4.  The HVAC system turns off when the thermostat in room 3 reaches 
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24 °C. The system would then remain in the “off” state until the temperature in one of the 

rooms cools to 20 °C. When the temperature drops to 20 °C, the HVAC system will be turned 

on until the temperature in room 3 is heated to 24 °C. The outside temperature is assumed to 

be 5 °C for all simulations performed in this section. All assumptions and boundary 

conditions were kept similar to those used to calculate the results shown in Figure 2.4, with 

the exception of the air inlet temperature and airflow for all vents, which is shown in Table 

2.3.  

For case 1, as shown in Figure 2.5.a, room 3 does not reach 24 °C while the temperatures of 

the other rooms are increasing unpleasantly. Figures 2.5.b, 5c and 2.5.d show that the average 

HVAC system run-time over two rounds of heating and cooling would be 126, 75 and 75 s 

for cases 2, 3 and 4, respectively, to heat the rooms from 20 °C to 24 °C under an outside 

temperature of 5 °C. Moreover, it would take 408, 327 and 324 s for the rooms to cool from 

24 °C to 20 °C for cases 2, 3 and 4, respectively. 



 

 35 

 

Figure 2.5. Simulation results for heating and cooling under an outside temperature of 5° (a) Without 

any fans or dampers (condition 1) (b) With a fan installed in one vent, but without any dampers 

(condition 2) (c) With dampers installed at the vents, but without any fans (condition 3) (d) With both 

fan and dampers installed (condition 4). 

2.3.3 HVAC running hours 

Based on the results shown in Figure 2.5, the number of hours the HVAC system is expected 

to run per day in order to maintain the desired temperature of 22 °C, assuming an outdoor 

temperature of 5 °C, are given in Table 2.4. 
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Table 2.4. HVAC run-time and down-time for cases 2, 3 and 4. 

Outside 

temperature 5°C 

Average run-time (s) for heating 

from 20 °C to 24 °C 

Average down-time (s) for cooling 

from 24 °C to 20 °C 

HVAC system run-

time (h/day) 

Case 2 126 408 5.6 

Case 3 75 327 4.5 

Case 4 75 324 4.5 

 

Considering an outside temperature of 5 °C the HVAC system would be required to operate 

5.6 hours every day to regulate the temperature of room 3 at 22 °C for condition 2, wherein 

a fan is installed at the fourth inlet, but no dampers are present. However, the temperature of 

the other rooms would increase unpleasantly. In comparison, the HVAC system is required 

to run 4.5 hours per day to keep the temperature of rooms at the desire level for condition 3 

and 4, wherein dampers are installed in inlets 1, 2 and 3. For case 1, without any fans or 

dampers present, the HVAC run-time would be 24 h/day to maintain the room 3 temperature 

at the desire level, while the temperatures of the other rooms are excessively high. 

Objective 1 of this thesis was to experimentally measure the effects of installing smart 

booster fans and dampers on the ability to regulate airflow and to numerically evaluate the 

extent to which these fans can reduce the duty cycle in HVAC systems. The results show 

that the smart booster fan can significantly improve, even by greater than a factor of two, the 

airflow to a vent at the end of a long duct-branch and also, the duty cycle of HVAC system 

can be reduced from 24 hr/day for the worst case scenario to 4.5 hr/day using smart booster 

fans and dampers which can operate based on the need and temperature of each room. 
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Chapter 3  

Numerical investigation of heat transfer in 

air channels for thermal energy storage 

applications in buildings 

 

3.1 Introduction 

In this study the effects of the cross-sectional shape of air-channels on heat transfer from the 

internal surface of channels to air flowing through the channels is investigated.  

Generally, different channel geometries and fin shapes are used in HVAC ducting systems 

or in systems that are used in conjunction with HVAC systems, such as TES systems. For 

example, the adsorption-based TES system discussed in Chapter One could be used to store 

thermal energy in HVAC systems. If an adsorption-based TES system were to be integrated 

in an HVAC system, the geometry of the ducts and fins would need to be designed to 

optimally exchange heat between the TES and HVAC systems. Different channel and bed 

shapes can be designed for these systems. Therefore, to find the optimum channel shape, 

heat transfer to air flowing through channels with common geometrical cross sections, such 

as circular, triangular, rectangular, and sinusoidal are considered in this chapter. Further, heat 

transfer to air flowing through beds comprising these air channel shapes are also investigated. 

The beds have a greater cross-sectional area than the channels and can be used in the design 

of ducts that transport larger volumes of air in HVAC systems.  Numerical analyses are 
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performed to investigate the outlet temperatures to optimize the shape of the air channels and 

beds. Results show the sinusoidal channel and bed have better performance in relation to the 

outlet temperature. Considering channels with a length of 100 mm, a surface area of 1770 

m2, and a wall-to-air heat transfer rate of 790 W/m2, the air outlet temperature for the 

sinusoidal channel is about 57°C higher than that of the circular channel. Considering beds 

with a height of 5 mm and wall-to-air heat transfer rate of 790 W/m2, the outlet temperature 

of the sinusoidal bed is about 10°C higher than the outlet temperature for a rectangular bed 

with similar surface area.  The results are applicable to the design of TES units that could be 

used directly or indirectly (such as adsorbent beds for TES, wherein the adsorbent is in 

contact with or supplies heat to the walls of the air channels and beds) to supply heat to air 

passing through HVAC systems within buildings.   

 

3.2 Materials and methods 

3.2.1 Numerical analysis methods for determining heat transfer within 
channels 

Numerical analyses was performed to compare the amount of heat transferred to air that 

passes through channels with different cross-sectional geometries. Four different cross-

sectional geometries were considered: 1) circular, 2) triangular, 3) rectangular, and 4) 

sinusoidal. These channels are shown in Figure 3.1 and their dimensions are given in Table 

3.1. The length, L, and internal surface area, A, for all channels is 100 mm, and 1770 mm2, 

respectively. The characteristic parameter, a, and cross-sectional area for each channel 
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differs as shown in Figure 6 and Table 5. All four channels have the same internal surface 

area of 1770 mm2 which is assumed to provide a constant heat flux of 790 W/m2. This value 

was selected for the heat flux because it yields reasonable outlet air temperatures.  For each 

of the four channels, air enters the inlet with a velocity of 1 m/s, a temperature of 20 °C, and 

a constant density of 1.225 kg/m3. For each channel, the outlet is assumed to have zero Pascal 

gauge pressure. Also, a no slip boundary condition has been applied at the contact surface 

between the air and the channels. CFD analysis was performed using Ansys software to 

determine the heat transferred to the air as it passes through the channels. The mesh 

properties used in the simulation for determining the heat transfer within channels are given 

in Table 3.2. Figure 3.2 shows the specified mesh for each case study. The number of 

elements for the sinusoidal channel is much higher than the other shapes because of its 

complexity in the shape and to have a solution that converges. Also, the dependency of the 

solution from the grid for all cases is studied. For instance, the number of elements used to 

simulate the sinusoidal channel is 298,240 and reducing this number by 40,690 causes a 

change in the results of only 3% (see Tables A1 and A2 and Figures A5 and A6 in the 

Appendix for details). The next step in carrying out the simulations is to choose the kind of 

solver, models, and solution methods. The pressure-based solver type is chosen. In this 

method, a pressure equation solves the restriction of continuity (also known as the mass 

conservation) of the velocity. Also, absolute velocity formulation is used to decrease the 

numerical diffusion and have a more precise solution. Since the objective of these 

simulations is to compare the shape of the channels, a steady state solver with no gravity is 
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selected. To calculate the heat transfer equations, the energy model is selected. Considering 

the properties of air at 20°C such as density (1.2047 kg/m3), dynamic viscosity (1.8205*10-

5 kg/m.s) and also calculating the hydraulic diameters of the channels as 5.63 mm, 3.40 mm, 

4.42 mm and 3.02 mm for the circular, triangular, rectangular and sinusoidal channel shapes, 

respectively, the Reynolds numbers for the circular, triangular, rectangular and sinusoidal 

channel shapes are 373, 225, 292 and 200, respectively, showing laminar flow for all channel 

shapes. In the solution methods, the least squares cell based is selected for the gradient, 

second order is selected for the pressure, and second order upwind method is used for the 

momentum and energy conservation equations. Thereafter, the hybrid initialization is used 

to initialize the boundary conditions and to set the initial temperature of the fluid at 20 °C. 

At the end 1000 iterations was selected for all simulations, however, for all cases the 

solutions converged before reaching the maximum number of iterations.  

Table 3.1. Dimensions of the duct channels. 

Shape a (mm) L (mm) A (mm2) Cross-sectional area 

(mm2) 

Circular 5.63 100 1770 24.96 

Triangular 5.90 100 1770 15.09 

Rectangular 4.42 100 1770 19.58 

Sinusoidal 5.00 100 1770 12.50 
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Figure 3.1. Geometry used in the simulation (a) Circular (b) Triangular (c) Rectangular (d) Sinusoidal. 

Table 3.2. Mesh properties used in the simulations for the channels. 

Shape Min size (m) Aspect ratio Skewness Growth rate 

Number of 

elements 

Circular 1.46*10-5 1.64 0.240 1.2 4536 

Triangular 1.46*10-5 3.9 0.183 1.2 6768 

Rectangular 1.46*10-5 3.1 0.003 1.2 6390 

Sinusoidal 1.46*10-5 3.2 0.150 1.2 298240 
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Figure 3.2. Specified mesh used in the simulation (a) Circular (b) Triangular (c) Rectangular (d) 

Sinusoidal. 

3.2.2 Numerical analysis methods for determining heat transfer within 
beds 

The heat transferred to air flowing through five bed designs with different shapes is 

numerically determined. The bed designs are based on five different shapes, which are: 1) 

Sinusoidal, 2) Triangular 1 (same width, d, and length, L, as the sinusoidal bed), 2) 

Triangular 2 (same internal surface area, A, as the sinusoidal bed), 3) Rectangular 1 (same 

width and length as the sinusoidal bed) and Rectangular 2 (same surface area as the 

sinusoidal bed). The geometry of the beds is shown in Figures 3.3 and 3.4 and the 
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corresponding values for the dimensional parameters are given in Table 7. The height of all 

beds is assumed to have the same value of h = 5 mm. The internal surface of all beds is 

assumed to supply a constant heat flux of 790 W/m2. The boundary conditions are similar to 

those used in simulating the channels. That is, air enters the inlet of the beds with a velocity 

of 1 m/s, a temperature of 20 °C, and a constant density of 1.225 kg/m3. For each bed the 

outlet is assumed to have zero Pascal gauge pressure. Also, the outer side walls are assumed 

to be perfectly insulated. CFD analysis was performed using Ansys software to determine 

the heat transferred to the air as it passes through the beds. The mesh properties used in the 

simulation for determining the heat transfer within beds are given in Table 3.4. Figure 3.5 

shows the specified mesh for each case study. The number of elements for the sinusoidal bed 

is much higher than the other shapes because this is needed to attain a solution that converges 

considering the increased complexity of its shape.  Also, the dependency of the solution from 

the grid for all cases is studied. For instance, the number of elements used to simulate the 

sinusoidal duct is 575,865 and increasing this number by 130,071 causes a change in the 

results by only 1.5% (see Tables A3 and A4 and Figures A7 and A8 in the Appendix for 

details). The next step is to choose the kind of solver, models, and solution methods. The 

pressure-based solver type is chosen. In this method, a pressure equation solves the 

restriction of continuity (also known as the mass conservation) of the velocity. Also, absolute 

velocity formulation is used to decrease the numerical diffusion and have a more precise 

solution. Since the objective of these simulations is to compare the shape of the channels, a 

steady state solver with no gravity is selected. To calculate the heat transfer equations, the 
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energy model is selected. Considering the properties of air at 20°C such as density (1.2047 

kg/m3), dynamic viscosity (1.8205*10-5 kg/m·s) and also calculating the hydraulic diameters 

of the beds as 7.94 mm, 9.25 mm, 9.30 mm, 9.59 mm and 9.66 mm  for the sinusoidal, 

triangular 1, triangular 2, rectangular 1 and rectangular 2 bed shapes, respectively, the 

Reynolds numbers for the sinusoidal, triangular 1, triangular 2, rectangular 1 and rectangular 

2 bed shapes are 525, 612, 615 , 635 and 639, respectively showing laminar flow for all bed 

shapes. In the solution methods, the least squares cell based is selected for the gradient, 

second order is selected for the pressure, and second order upwind method is used for the 

momentum and energy conservation equations. Thereafter, the hybrid initialization is used 

to initialize the boundary conditions and to set the initial temperature of the fluid at 20 °C. 

At the end the 1000 number of iterations was selected for all simulations however, for all 

cases the solutions converged before reaching the maximum number of iterations.  

Table 3.3. Dimension of beds. 

Bed shape H (mm) D (mm) L (mm) A (mm2) Cross-section area 

(mm2) 

Sinusoidal 5 118 100 14341 590 

Triangular 1 5 118 100 12064 590 

Triangular 2 5 137.94 100 14341 689.7 

Rectangular 1 5 118 100 11800 590 

Rectangular 2 5 143.41 100 14341 717.05 
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Figure 3.3. Cross-section schematic of modelled beds. (a) Sinusoidal (b) Rectangular (c) Triangular. 

 

Figure 3.4. Geometry used in the simulation (a) Sinusoidal (b) Rectangular (c) Triangular. 

Table 3.4. Mesh properties used in the simulations for the beds. 

Shape  Min size (m) Aspect ratio Skewness Growth rate Number of 

elements 

Sinusoidal 1.46*10-5 1.68 0.342 1.2 575865 

Triangular 1 1.46*10-5 2.3 0.177 1.2 14740 

Triangular 2 1.46*10-5 2.5 0.180 1.2 15600 

Rectangular1 1.46*10-5 2.25 0.019 1.2 12420 

Rectangular 2 1.46*10-5 2.56 0.015 1.2 11890 
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Figure 3.5. Specified mesh used in the simulation of the (a) Sinusoidal (b) Rectangular, and (c) 

Triangular beds. 

3.3 Results 

Figure 3.6 shows the average outlet temperature for the four different channel shapes studied. 

The results show that the sinusoidal shape has the highest outlet temperature of 136.3 °C. 

Accordingly, the average outlet temperatures for circular, triangular, and rectangular shapes 

are 79.3 °C, 122.9 °C, and 95.9 °C, respectively. 



 

 47 

 

Figure 3.6. Average outlet temperature for different channel shapes. 

Figure 3.7 shows the average outlet temperature for the five different bed shapes studied. 

The results show that the sinusoidal shaped bed has the highest outlet temperature of 65.9 

°C. Accordingly, the average outlet temperatures for triangular 1 (same dimension as the 

sinusoidal), triangular 2 (same surface area as the sinusoidal), rectangular 1 (same dimension 

as the sinusoidal) and rectangular 2 (same surface area as the sinusoidal) are 58.3 °C, 58.2 

°C, 56.3 °C and 56.3 °C, respectively. 
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Figure 3.7. Average outlet temperature for triangular 1 (T1, same dimensions as the sinusoidal), 

triangular 2 (T2, same surface area as the sinusoidal), rectangular 1 (R1, same dimensions as the 

sinusoidal) and rectangular 2 (R2, same surface area as the sinusoidal). 

 

Table 3.5. Inlet pressure of the channels. 

           

 

 

 

 

 

 

 

Channels inlet pressure (Pa) 

Sinusoidal  7.71 

Circular 2.29 

Rectangular 3.27 

Triangular 4.82 
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Table 3.6. Inlet pressure of the beds. 

 

 

 

 

 

 

 

Table 3.5 and Table 3.6 show the inlet gauge pressure of the air for the channels and beds, 

respectively. Since the outlet pressures at the boundry conditions were set to zero-gauge 

pressure, the pressure drop for each case is equal to the inlet gauge pressures. It can be seen 

that for both channels and beds the sinusoidal shape results in a higher inlet pressure (7.71 

Pa for the channel and 1.67 Pa for the bed) compared to all other cross-sectional shapes 

considered.   

 

Tables 3.7 and 3.8 compare the wall-to-air heat transfer rate to the power loss due to the 

pressure drop along the channels and beds, respectively. It can be seen that the power lost 

for the sinusoidal channel and bed are higher than the other shapes.  

 

 

 

Beds inlet pressure (Pa) 

T1 1.19 

T2 1.18 

R1 1.13 

R2 1.13 

S 1.67 
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Table 3.7. Power calculation of the channels from the heat transfer and drop pressure. 

Channel shapes Wall-to-air heat transfer (kJ/s) Power loss due to pressure drop (kJ/s) 

Circular 1.82*10-3 5.62*10-5 

Triangular 1.91*10-3 7.15*10-5 

Rectangular 1.83*10-3 6.30*10-5 

Sinusoidal channel 1.79*10-3 9.48*10-5 

 

Table 3.8. Power calculation of the beds from the heat transfer and drop pressure. 

Bed shapes 

Power gained from the heat 

transfer (kJ/s) 

Power lost from the drop 

pressure (kJ/s) 

Sinusoidal bed 2.78*10-2 9.69*10-4 

Triangular 1 2.78*10-2  6.91*10-4 

Triangular 2 3.08*10-2  8.00*10-4 

Rectangular 1 2.64*10-2  6.56*10-4 

Rectangular 2 4.06*10-2 7.97*10-4 

 

3.4 Discussion 

As shown in Figures 3.4 and 3.5 the temperature of the air flowing through the sinusoidal-

shaped channels and beds increases to the greatest extent. These results can assist in the 

design of ducts with integrated TES. For example, phase change materials or adsorbent-
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based thermochemical energy storage materials may be applied at the surfaces of the ducts. 

Further, TES integrated into the ducting network of HVAC systems can potentially be 

coupled with HPs to efficiently utilize surplus electricity during low-demand periods. Future 

work is required to investigate the potential of such systems and the optimal duct design for 

their implementation. 
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Chapter 4  

The Integration of adsorption-based 

thermal energy storage in HVAC systems 

Adsorption-based TES units, when charged using renewable electricity and integrated into 

the ducts of building HVAC systems, offer a good pathway to help decarbonize buildings. 

In these units, hot air generated using clean electricity can be used to desorb an adsorbate 

from an adsorbent, thereby storing thermal energy. The thermal energy can be retrieved at a 

later time and used to heat air passing over the adsorbent, which can then be delivered 

indoors. These systems can be simple in design and do not need complicated instrumentation 

to operate. A range of adsorbents are available to meet indoor heating requirements. Further, 

the temperature of air entering the indoors can be controlled by controlling the airflow 

velocity of the air entering the TES system.  In this work, an experimental set up is built 

wherein a TES unit is directly integrated into an HVAC duct branch. This TES unit uses 

silica-based materials to provide thermochemical energy storage. Hot air is used to “charge” 

the silica gel. The silica is left to cool to room temperature and thermal energy is 

subsequently retrieved by flowing humid air across the silica. Water in the humid air is 

adsorbed by the silica gel and the heat of adsorption is transferred to the air flowing past the 

silica gel. Experimental results are used to measure the amount and efficiency with which 

thermal energy is stored and the benefits of using “clean” excess electric power to charge the 

TES medium is evaluated. 
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4.1 Materials and methods 

4.1.1 Experimental setup and measurements 

An experimental set up is built wherein a TES unit is directly integrated into an HVAC duct 

branch. This TES unit uses silica-based materials to provide thermochemical energy storage. 

The experimental system contains several parts, which are listed below and labeled in Figure 

4.1. The dimensions for the components in the experimental setup shown in Figure 4.1 are 

provided in Table 4.1.  

1. Air blower heater and smart booster fan 

2. Ducting system 

3. Thermal energy storage bed  

4. Sensors  

5. Adsorbent material 

 

Figure 4.1. Schematic of the experimental system. 
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Air blower heater and smart booster fan: 

An ipower Electric Heater, shown in Figure 4.2, with 1500 W power was used as a blower 

and also as a heater. It can heat the air up to 80°C. It is placed at the inlet of the experiment. 

A smart booster fan is also installed at the end of the ducting system to increase the airflow. 

The smart booster fan is a product from Smart Cocoon, Inc. with model number SC-

SFV304X10. 

  

Figure 4.2. (a) iPower Electric Heater (b) Smart booster fan. 

Ducting system 

In the ducting system ducts with different sizes such as 8” and 4” were used. Reducers such 

as 8” to 6”, 6” to 4”, and 4” to 3” were also used. Two 4-inch Aluminum blast gates were 

used for opening, closing, and controlling the airflow of the system. Also, fiberglass 

insulation was used to insulate the ducting system. An air intake hood was installed at the 

end of the ducting system. The ducting system starts with an 8’’ to 6’’ duct reducer from the 

air blower heater and continues with a 6’’ to 4’’ duct reducer to connect with a 4’’ duct. Due 

to the lack of experimental space in the lab a 180˚ bend was needed to install the TES bed at 
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the top. Before and after the TES bed, two 4’’ to 3’’ duct reducers were used because of the 

3’’ inlet and outlet of the bed. Also, two 4-inch aluminum blast gates were installed before 

and after the bed. Finally, a smart booster fan placed inside the air intake hood was installed 

at the end of ducting system. 

Thermal energy storage bed  

The TES bed contains two parts. The material container bed and the tank which are shown 

in Figure 4.3. The TES bed was 3D-printed using an ELEGOO UV Photocuring LCD 3D 

Printer which uses ELEGOO Photopolymer Resin as the material.  

 

Figure 4.3. (a) The tank (b) The material container (of the thermal energy storage bed). 

As discussed in Chapter Three, channels and beds with a sinusoidal cross section have better 

heat transfer performance in comparison to channels and beds with circular, triangular, or 

rectangular cross-sections.  Therefore, in this study, the material container bed within the 

TES unitis designed to have sinusoidal fins inside it. Adsorbate beads (silica gel) were used 

in these experiments and the adsorbate remains in place when packed between the sinusoidal 
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fins within the material container bed. Furthermore, there are five holes at the side of the 

material container bed for installing thermocouples which are described in the sensors 

section (Section 4.1.1.4). Table 4.1 represents the material container bed’s properties. Figure 

4.4 shows the material container bed.  

Table 4.1. Properties of the material container bed 

Dimension (mm) width * height* depth 120*100*104 

Fin thickness (mm) 2 

Number of fins  12 

Diameter of the holes (mm) 5 

Height between the fins (mm) 5 

 

 

Figure 4.4. Schematic of the adsorption bed (a) Cross-sectional view of the sinusoidal fins, and (b) An 

isometric projection of the adsorption bed. 
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The tank that encloses the adsorption bed is designed in a way that the outer walls of the 

adsorption bed are in contact with the inner walls of the tank and the material container is 

placed inside it. This tank has an inlet and outlet, each with a 3” diameter.  There are two 

holes for the humidity sensors at one side and seven holes for the thermocouples at the other 

side of the tank as shown in Figure 4.5. Table 4.2 presents the properties of the tank.  

Table 4.2. Properties of the tank 

Dimension (mm) length * height* depth 340*105*130 

Diameter of the humidity sensor’s holes (mm)  16.2 

Diameter of the thermocouples sensor’s holes (mm) 5 

Diameter of the inlet and outlet hole (inch) 3 

Thickness of the side walls (mm) 4.5 

 

 

Figure 4.5. Schematic of the tank that holds the adsorption bed (a) Front view: the five holes for 

thermocouples that measure the temperature within the adsorption bed are at the middle of the tank and 

the white holes towards the end of the tank are for thermocouples that measure the inlet and outlet 

temperatures (b) Isometric view. 
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Figure 4.6 shows an image of the thermal storage bed used in the experiment which is made 

of photopolymer resin.  

 

Figure 4.6. (a) The material container bed (b) The adsorption bed and tank. 

Sensors 

There are three kinds of sensors that are used in this experiment: 

1) Thermocouples 

2) Humidity sensors 

3) Anemometer  

 

 

Seven T-type thermocouples were used. They have been named T1 to T7 as shown in Figure 

4.7 and Figure 4.8. T1 and T7 measure the inlet and outlet temperature of the air passing 

through the TES bed and T2 to T6 measure the temperature throughout the adsorption bed.  

There are two humidity sensors installed in this experiment. RHi and RHo measure the 

relative humidity at the inlet and outlet of the TES bed.  

An anemometer (Extech AN100) was used at the inlet of the TES bed to measure the velocity 

of the air flowing through the adsorption bed during the experiment.  
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Figure 4.7. Schematic view of the thermocouples and humidity sensors. 

 

Figure 4.8. Experimental view of the (a) Thermocouples (b) Humidity sensors 

The thermocouples and humidity sensors were connected to a LabJack T7-Pro data 

acquisition system. This data acquisition system uses Kipling software to be connected to 

the computer and LJLogM software to show the results in real time. The system was set to 

save the data every 10 seconds in a DAT file. Eventually, all the data was transferred to an 

excel file for further calculations.   

Adsorbent Bed

T5 T6 T7T1 T3 T4T2

RHi RHo

V2 V3
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Absorbent material 

As explained in Chapter One, adsorption is an exothermic thermochemical surface process 

in which adsorbate particles adhere to the adsorbent surface. The adsorption process results 

in the decrease in the entropy of adsorbate molecules (∆𝑆 < 0), and the surface energy of 

adsorbent surface (∆𝐻 < 0) , which together gives it an exothermic character and causes 

adsorption heat. Adsorbents are highly porous materials having a high surface area and 

depending upon the pore diameter and polarization adsorb a variety of adsorbates. 

In this experiment, orange silica gel is used as the adsorbent material. Silica gel is a type of 

silicon dioxide, having an amorphous structure of silicon and oxygen atoms with nanometer-

sized pores. It has a high specific surface area of about 800 m²/g. Silica gel is a safe, non-

corrosive, cheap and abundant adsorbent. Table 4.3 shows the properties of the silica gel. 

The entropy of adsorbate molecules decreases when they are adsorbed on the adsorbent 

surface. The adsorption process results in a net surface energy decrease at the surface of the 

adsorbate material, which is giving it an exothermic character. The silica gel used in the 

experiment was attained from Dry & Dry company with product number CRH-16036. 

Orange silica gel changes color to dark green when it is saturated with moisture. Methyl 

violet within the silica gel changes in color due to changes in pH.   
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Table 4.3. Properties of the silica gel. 

 Silica gel 
 

Adsorption heat (kJ/kg) 2000-2500 

Adsorbate Water  

Charging temperature (°C) 70-110 

Energy density (kg/m3) 650-700 

Specific heat (kJ/kg·K) 0.8-0.9 

Thermal conductivity (W/m·K) 0.15-0.20 

Adsorbate uptake (g/g) 0.03-0.10 

 

In total, 467 g of silica gel beads are placed inside the material container bed between the 

sinusoidal fins as shown in Figure 4.9. When cool humid air passes through the silica gel 

beads, the humidity is adsorbed by the silica gel and the heat of adsorption is released. On 

the other hand, when hot air passes over the silica gel beads, water is desorbed from their 

surface. The process in which cool air is heated as it passes through the beads and adsorption 

takes place is the discharging process, whereas the process in which desorption occurs as hot 

air passes though the material is the charging process.  
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Figure 4.9. Silica gel beads inside the material container bed. 

Eventually, after assembling the different parts of the experiment, Figure 4.10 shows the 

front view of the experimental set up in the lab.  

 

Figure 4.10. Experimental setup, front view 

4.1.2 Charging and discharging processes 

This experiment includes two processes. The first is the “charging” process, wherein hot air 

passes through the adsorbent material (silica gel) which is saturated with the adsorbate 
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(water). When hot air, at a temperature of ~80 °C, passes through the adsorbent material the 

adsorbate is desorbed and flows out of the adsorption bed. Ideally, after the charging process 

has been completed the adsorbent material will not have any adsorbate on its surface and is 

“fully charged”. However, in practice there is always some adsorbate molecules that remain 

on the surface of the adsorbent.  

In the second process, called “discharging”, moist air passes through the adsorbent bed and 

across the surface of the silica gel, which is charged and ready to adsorb water from the 

humid air. As water is adsorbed by the silica gel the heat of adsorption is released, thereby 

heating the air flowing through the adsorption bed and hot air exits through the outlet.  

4.2 Results 

4.2.1 Charging process 

Figure 4.11(a) shows the experimental results for the charging process. A blower is 

used to supply the hot air at a temperature of about 70 °C to charge the adsorbent materials. 

The blower uses a thermostat to switch a heater on and off to control the air temperature. 

Consequently, the temperature of the air entering the inlet of the adsorbent bed oscillates by 

about 5 °C, although the average inlet air temperature is ~70 °C. The hot air entering the TES 

bed interacts with the adsorbent (silica-gel) that is saturated with the adsorbate molecules 

(water) after previously being discharged. The adsorbate molecules are adsorbed on the 

adsorbent material surface with weak Vander Waal’s forces and need some energy to 

facilitate their desorption. Further, both adsorbent and adsorbate materials have some 
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specific heat capacity. As is evident from Figure 4.11(a), the charging heat supplied by the 

blower, or the temperature of the heated air entering the TES bed is constant at about 70°C. 

However, the temperature inside the adsorbent material, which can be observed using 

thermocouples T2-T6, first rises with a steep slope, and then continues to rise at a lower rate 

for some time, after which the rate of temperature increase rises once again until the inlet air 

temperature of ~70 °C is reached.  The initial rise in the temperature curves is largely because 

the heat from the incoming air is absorbed by the adsorbent and adsorbate materials in the 

form of sensible heat. Adsorbate molecules start desorbing from the adsorbent material 

surface once they have acquired enough thermal energy to reach the desorption energy which 

causes a rise in relative humidity at the outlet as shown in Figure 4.11(b). Further, the 

adsorbate molecules in the first zone, where thermocouple T2 is placed, desorb from the 

adsorbent material surface faster than the second zone, and so on till the last zone. For 

example, form the ~ 0.5 to 3 h point the experiment the temperature curve for T6 is the lowest 

and flattest, and T6 takes the longest to reach the temperature of the inlet air (~70 °C).  The 

curve measured using T6 remains nearly flat over this time period because desorption is 

occurring this time; the temperature is almost constant as heat added to the adsorption bed is 

used to desorb water rather than providing sensible heat in the vicinity of T6.  The rate of 

temperature increases from the ~ 0.5 to 3 h point of the experiment is progressively larger in 

moving from the end of the adsorption bed towards the beginning of the adsorption bed (e.g. 

over this time period the rate of temperature increase measured by T6 is less than that 

measured by T5, which is less than that measured by T4, and so on). The rate of temperature 
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increases over the ~ 0.5 to 3 h point of the experiment is greater at points closer to the inlet 

of the adsorption bed because the desorption process begins at the inlet of the adsorption bed 

and gradually moves toward the outlet as hot air is continued to be supplied over the duration 

of the experiment. In other words, the temperature of T2 rises first followed by T3 and so on 

until T7 which indicates that the charging of the adsorption material happens in zones. Initial 

charging happens at the initial zone where T2 is placed, followed by the next zone where T3 

is placed until the last zone where T6 is placed. As shown in Figure 4.11 (a) after about two 

hours of the charging process the temperature of the first zone inside the adsorption material 

(T2) reaches about 70 °C. About one hour later the second zone (T3) reaches 70 °C and after 

about six hours of the charging process all zones inside the adsorption bed (T2 to T6) reach 

~70 °C, which is the lower end of the charging temperature range of the adsorption material 

(silica gel) as shown in Table 4.3.  Once all adsorbate molecules are desorbed from the 

adsorbent material surface (e.g. the adsorbent material becomes charged) all the incoming 

heat sensibly heats the adsorbent material and its surroundings until all thermocouples in the 

adsorption bed have reached the incoming air temperature, which is evident from Figure 4.11 

(a). However, as the relative humidity at the outlet did not reach the relative humidity at the 

inlet, even after 8 hours, the adsorbent materials were not completely charged. The results 

from the relative humidity measurements (Figure 4.11 (b)) show that the relative humidity 

at the inlet is about 10% and about 30% at the outlet. As it is shown in Figure 4.11(b), as the 

charging process begins the outlet RH (RHo) is higher than the inlet RH (RHi). This increase 

in RH is expected to occur as water desorbs from the silica gel during the charging phase. 
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The charging process lasted for 8 hours. As time passes over these 8 hours the outlet RH 

decreases because the adsorbate (water) available to desorb decreases as the charging process 

continues.  The velocity of the air during this process was about 0.5 m/s. When the charging 

process was completed the blast gates at the inlet and outlet of the TES bed were closed 

completely so that no moist air can enter the TES bed.   Also, the weight lost during the 

charging process is measured. The weight lost is the weight of the adsorbate (Water) that is 

vaporized and leaves the adsorption material. The weight loss in charging process is 

measured as 95 g. In this work, a time gap of 14 hours is maintained between the charging 

and discharging process.  
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Figure 4.11. Experimental results for the charging process (a) Temperatures (b) Relative humidity. 
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4.2.1 Discharging process 

During the discharging process water vapor present in the humid air entering the adsorption 

bed is adsorbed on the surface of the silica gel and the heat of adsorption is released. The 

heat of adsorption raises the temperatures of the adsorbent bed and the air flowing through 

it, which are measured using thermocouples.  

Adsorption is a surface phenomenon with a limited number of active sites where adsorbate 

particles can be adsorbed. The adsorbent particles get completely discharged once all these 

active sites are filled with adsorbate particles. Therefore, inside the adsorption bed, 

adsorption takes places in a part wise manner. Initially, adsorption happens primarily in the 

adsorbent particles located next to the inlet. As the active sites near the inlet become covered 

with adsorbate particles, the active zone wherein most of the adsorption occurs, progressively 

shifts towards the outlet.  

The process continues until all the active sites on the silica gel are covered with water, at 

which point the adsorbent is completely discharged. At this point the relative humidity at the 

outlet equals the relative humidity at the inlet.  

To investigate the effects of airflow velocity, experiments were conducted to monitor the 

discharging process for three different inlet airflow velocities: 0.4 m/s, 0.6 m/s, and 0.8m/s.  

A total of nine experiments, three experiments with same airflow for each airflow rate, have 

been conducted.  The weight gained in the discharging process is also measured for each 

airflow rate. The weight gained is the weight of the adsorbate adsorbed by the adsorbent 

material during the discharging process.  
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Figures 4.12, 4.13, and 4.14 show one example (out of three, other results are shown in the 

Appendix in Figures A9 to A14) of the temperature throughout the TES system and the 

relative humidity at the inlet and outlet of the adsorption bed when the air velocities into the 

adsorption bed were 0.4 m/s, 0.6 m/s, and 0.8 m/s over the duration of the discharging phase, 

which were ran for 20 hours, 10 hours, and 9.3 hours, respectively. The discharging phase is 

ran for a longer time as the air velocity decreases because the rate of adsorption increases 

when the air velocity is higher.  A blower supplies the humid atmospheric air at 21.5 °C to 

facilitate the discharging process. This humid air enters the TES bed and interacts with the 

adsorbent material in the adsorption bed. Adsorption happens, the adsorbate (water) 

molecules present in the humid air form weak Vander Waal’s bonds with the adsorbent 

material which results in the release of the heat of adsorption which is 2000-2500 kJ/kg when 

silica gel is used as the adsorbent material and water vapor as the adsorbate molecules, as is 

listed in Table 4.3. The heat of adsorption sensibly heats the adsorbent material and increases 

the outgoing air temperature, which can be observed using T7 and is plotted in Figure 4.12 

(a), 4.13 (a), and 4.14 (a). A portion of the heat of adsorption is used to sensibly heat the 

reactor walls and some heat is lost to the surroundings.  

During the discharging process adsorption initially takes place in the first zone where 

thermocouple T2 is placed followed by the second zone where T3 is placed and so on until 

the last zone where T6 is placed. As the adsorption takes place in the first zone, the heat of 

adsorption is released and increases in temperature at T2 until reaching the maximum 
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temperature. At this point most of the adsorption material in the first zone is saturated, 

adsorption slows down, and the heat released due to adsorption decreases which causes a 

drop in the temperature at T2 until it reaches to a temperature equal to the incoming air 

temperature. In the meantime, adsorption peaks in second zone which causes the temperature 

at T3 to rise.  This trend continues, as the temperature progressively peaks at locations further 

downstream in the adsorption bed and then gradually cools to the inlet air temperature, until 

the adsorption material is discharged.  The highest temperature measured inside the TES bed 

is measured at T6.  At the end of the experiment the adsorption bed was not completely 

discharged as the outlet relative humidity did not reach the level of the inlet relative humidity 

as shown in Figure 4.12 (b), 4.13 (b), 4.14 (b). 

The weight gained during the charging process is measured to be 101.9 g, 103.7 g, and 103.2 

g when the air flow rates were 0.4 m/s, 0.6 m/s, and 0.8 m/s, respectively. Table 4.4 shows 

the maximum temperatures and the time it took to reach the maximum temperature for T2, 

T3, T6, and T7.  
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Table 4.4. Maximum temperatures and the time taken to reach the maximum temperature during the 

discharging process for T2, T3, T6, and T7 

 air flow rate: 0.4 m/s  air flow rate: 0.6 m/s  air flow rate: 0.8 m/s  

Maximum 

temperature (°C) 

Time 

(min) 

Maximum 

temperature (°C) 

Time 

(min) 

Maximum 

temperature (°C) 

Time 

(min) 

T2 29.6 9 30 3.8 30 3.5 

T3 36 22.5 35 8.5 34.5 7.5 

T6 38.5 45 39 24 38 21 

T7 28.3 80 28.4 34.5 27 27.5 
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Figure 4.12. Experimental results for the discharging process at an air velocity of 0.4 m/s (a) 

Temperatures (b) Relative humidity. 
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Figure 4.13. Experimental results for the discharging process at an air velocity of 0.6 m/s (a) 

Temperatures (b) Relative humidity. 
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Figure 4.14. Experimental results for the discharging process at an air velocity of 0.8 m/s (a) 

Temperatures (b) Relative humidity. 
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4.2.2 Thermal energy storage efficiency  

The focus of this study is to determine the energy extracted from the discharging process and 

the energy used for the charging process and to calculate the TES efficiency for the system.  

In order to do so, by using psychrometric calculations, the enthalpy at the inlet and outlet for 

each process has been calculated. By subtracting the enthalpies at the outlet from that at the 

inlet and multiplying the result into the mass of the air, the energy extracted from the 

discharging process and energy used for the charging process is calculated. Table 4.4 shows 

the energy used to heat the silica gel during the charging process and the energy retrieved 

during the discharging process. Considering that 467 g of silica gel is used in the experiment, 

the maximum amount of adsorption heat that could be released during the discharging phase 

is 934 kJ (Table 4.3). Also, the energy used during the charging process was calculated to be 

7.8 * 103 kJ. Herein, the energy extracted during the discharging processes divided by the 

maximum heat of adsorption that could be released by 467 g of silica gel is referred to as the 

storage capacity efficiency, ηsc. The TES efficiency, ηtes, is the total energy extracted from 

the adsorbent bed during the discharging processes divided by the total energy supplied to 

the bed during the charging process.  
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Table 4.5. Energy calculations 

Process 

Energy 

(kJ) 

Storage capacity 

efficiency, ηsc 

Average 

(Best run) 

TES efficiency, ηtes 

Average 

(Best run) 

Duration 

(h) 

Differential 

pressure (Pa) 

Discharging 

speed 0.4 m/s 

400 

32 ± 6 %  

(42%) 

 

3.7 ± 1.3 %  

(5%) 

20 4 

Discharging 

speed 0.6 m/s 

420 

36 ± 8 % 

 (45%) 

4 ± 1.3 %  

(5.3%) 

10 5 

Discharging 

speed 0.8 m/s 

590 

45 ± 12 %  

(63%) 

5.4 ± 2.1 %  

(7.5%) 

9.3 9 

 

The storage capacity efficiency when the airflow rate during the discharge phase is 0.4 m/s, 

0.6 m/s, and 0.8 m/s is 32 ± 6 %, 36 ± 8 %, and 45 ± 12 %, respectively, where the error on 

these values is determined using 80 % confidence levels and the result from three 

experiments with the same airflow for each airflow rate. The TES efficiency of the system 

for 0.4 m/s, 0.6 m/s, and 0.8 m/s is 3.7 ± 1.3 %, 4 ± 1.3 %, and 5.4 ± 2.1 %, respectively. The 

differential pressure between the inlet and outlet of the TES bed for 0.4 m/s, 0.6 m/s, and 0.8 

m/s is measured as 4 Pa, 5 Pa, and 9 Pa, respectively.  As the airflow increases, the thermal 

energy gained by the air during the discharging process increases. The main reason for this 
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is due to conversion of enthalpy to thermal energy gained. By multiplying the enthalpy into 

the mass of air passing through the TES bed, which increases as the airflow of the air 

increases. Figure 4.15 shows that a temperature gain of more than 25 °C is recorded at T6 

after 5 hours into the discharging process when the velocity is 0.4 m/s which is notably lower 

when the velocity is 0.6 m/s and 0.8 m/s. This signifies that the temperature of the outgoing 

air can be controlled by controlling the airflow velocity. Larger amount of heat can be 

delivered by a higher velocity but over a shorter period. On the other hand, a lower amount 

of heat can be delivered over a longer duration by using a low velocity. There seems to be a 

“penalty” or trade-off – when storing the heat for longer (slow and low heat delivery over a 

long period) the total amount of heat that is delivered is less than if the heat was delivered 

quickly. A Total of nine experiments, three experiments with same airflow for each airflow 

rate have been conducted and results not shown in this chapter are provided in Figures A9 – 

A14 in the Appendix. Figure 4.16 shows the average temperature change between outlet and 

inlet for the three airflow rate cases. The average maximum increase in air temperature (in 

going from the inlet to the outlet) at an 80% confidence level over three experimental runs 

for each airflow velocity of 0.4 m/s, 0.6 m/s, and 0.8 m/s was 7.5 ± 0.6 °C, 6.8 ± 1.4 °C, and 

7.4 ± 0.9 °C, respectively.  Moreover, the maximum temperature is reached sooner when the 

airflow velocity is 0.8 m/s as compared to when the airflow velocity is 0.6 m/s. Likewise, 

the maximum temperature occurs at a sooner time in the experiment when the airflow 

velocity is 0.6 m/s as compared to when the airflow velocity is 0.4 m/s.  
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Figure 4.15. The inlet and outlet temperature for all three cases. 

 

Figure 4.16. Average ΔT of inlets and outlets for all three cases. 
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As it is discussed in the background chapter, HPs can be coupled with this system for the 

charging process. It means that the heat provided by using electricity to power HPs can be 

used to charge this system and increase the TES efficiency. In order to show the effect of 

using HPs in the system, a study of a heat pump in a Canadian single-family house is 

considered. The COP of the HPs was calculated as 3.71 for the heating season [60]. If this 

HP is used for the charging process of the adsorption bed, the TES efficiency of the system 

for 0.4 m/s, 0.6 m/s, and 0.8 m/s, would increase to 19%, 19.9%, and 28%, respectively. 

Furthermore, the TES efficiency can be improved by changing several factors such as 

optimizing the geometry of the TES bed, using different adsorbent materials, using more 

adsorbent material, and by increasing the inlet charging temperature.   

The other advantage of this silica-based TES is that it is reusable after each charging and 

discharging process for a significant time. Also, unlike sensible and latent TES systems, the 

adsorption-based TES system described herein can store thermal energy indefinitely as long 

as it is sealed, and no adsorbate interacts with the adsorbent material.  
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Chapter 5  

Conclusion  

The focus of this thesis is to investigate the potential to enhance the performance of HVAC 

systems through the use of fans, dampers, and integrated TES. Low-powered fans placed in 

vents (booster fans) are investigated for their performance to improve heating and cooling 

and reduce HVAC system run times. Furthermore, “smart” booster fans and dampers are 

considered in the simulations by optimizing the times at which they can be turned on or off 

during the simulations. Duct systems with silica-based TES are also investigated. The silica-

based TES system is charged using hot air, coming from a fan equipped with a resistive 

heater. Thus, the stored thermal energy is generated using electric power, providing an 

avenue for efficient electrification of heating in buildings. 

5.1 Conclusion for evaluation of smart booster fans and 
dampers for advanced HVAC systems (Chapter two) 

In this research, the ability of smart booster fans and dampers to regulate airflow in a long 

duct-branch has been investigated. The poor airflow to the last inlet in the duct-branch is due 

to friction caused by the length, curvature, and other inlets. It should be noted that the case 

wherein poor airflow is caused by a damaged or leaking duct work is not investigated in this 

case. Furthermore, regulations pertaining to air ventilation rates and use of dampers in 

HVAC duct work was not considered. 
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Airflow measurements on a prototype ducting system were performed to evaluate the ability 

of a smart booster fan to improve HVAC system performance in residential homes. Results 

show that the smart booster fan can significantly improve, even by greater than a factor of 

two, the airflow to a vent at the end of a long duct-branch. These results were also used in 

the designing of the TES bed and ducting system in chapter four.  Numerical analysis shows 

that rooms in residential homes that suffer from poor airflow may never reach comfortable 

conditions during typical winter conditions. However, under typical conditions this problem 

can be fixed by installing a smart booster fan in this room.  

Based on the results attained thus far and those reported herein, it does not appear to be 

beneficial to simultaneously operate multiple smart booster fans in the same duct branch, 

although results would vary on a case by case basis. Also, results from simulations show that 

smart dampers have potential towards enhancing temperature regulation while decreasing 

the duty cycle of HVAC systems.  Table 2.4 showed that the duty cycle of HVAC system 

can be reduced from ideally 24 hr/day to 4.5 hr/day using smart booster fans and dampers 

which can operate based on the need and temperature of each room. 

5.2 Conclusion for numerical investigation of heat transfer in air 
channels for thermal energy storage applications in buildings 
(Chapter three) 

This research demonstrates a study on determining the heat transfer within differently shaped 

duct channels and beds using numerical analysis (CFD) and compares the outlet temperatures 

for four cases studied. Circular, triangular, square, and sinusoidal duct shapes are considered. 
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In a heating application, wherein heat is transferred from the internal surfaces of the ducts to 

the air, the sinusoidal channel and bed increased the temperature of the air more than the 

other cross-sectional shapes considered. For a set heating rate and surface area, the outlet 

temperature of the sinusoidal channel is about 57 °C higher than the circular channel, 

whereas the outlet temperature of the sinusoidal bed is about 10 °C higher than that of a 

rectangular bed. Energy losses due to the pressure drop in the channels and beds with a 

sinusoidal-shaped cross-section are greater than those in channels and beds with triangular 

or rectangular cross-sections. However, the energy losses due to pressure drop are small in 

comparison to the heat gained from the internal surfaces of the channels and beds for the 

conditions considered in this work (a wall-to-air heat transfer rate of 790 m/s). Thus, for the 

conditions considered in this work, the sinusoidal cross-sectional shape shows better 

performance than the triangular, rectangular, or circular cross-sectional shapes for both 

channels and beds. The results obtained from Chapter Three were considered when designing 

the optimum TES bed in Chapter Four. Sinusoidal beds can assist in the design of the TES 

bed by applying the adsorbate material on the surface of sinusoidal fins.  

5.3 Conclusion for the Integration of adsorption-based thermal 
energy storage in HVAC systems (Chapter four) 

An experimental set up is built wherein a TES unit is directly integrated into an HVAC duct 

branch. This TES unit uses silica-based materials to provide thermochemical energy storage. 

Hot air is used to charge the silica gel. The silica gel is left to cool to room temperature and 

thermal energy is subsequently retrieved by flowing humid air across the silica. Experimental 
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results are used to measure the amount and COP with which thermal energy is stored and the 

benefits of using clean excess electric power to charge the TES medium is evaluated. 

The results from the experiment show that a small amount of thermal energy (e.g., about 

7.5%) can be stored using the silica-based TES unit. While this result is low, it is still a very 

good result considering this is the first study of its kind. Furthermore, it is recognized that 

the overall electric power-to-thermal energy conversion efficiency of the process can be 

greatly improved (e.g., from 5% to about 26%) by using a HP and taking advantage of its 

COP (assumed to be ~3.7 in this work) in conjunction with the TES unit. 

5.4 Future works 

Further work should be done to validate the numerical results attained in Chapter Two. 

However, this may require installing smart booster fans and dampers in the HVAC system 

inside a large-scale model or an actual building. Experiments should also be performed to 

validate the results from Chapter Three by fabricating circular, triangular, square and 

sinusoidal ducts and carrying out airflow and pressure measurements. Also, the performance 

of the TES system studied in Chapter Four can be improved to reach the desired outlet 

temperature (about 40 °C) by changing several factors such as optimizing the geometry of 

the TES bed, using different adsorbent materials, using more adsorbent material, and 

increasing the inlet charging temperature. Moreover, there is room to optimize how the 

adsorbent is loaded onto the fins within the TES bed. For example, future designs could 

consider applying the adsorbent to the surface of the fins within the test bed, leaving more 

space for airflow. These improvements will further the development of HVAC-integrated 
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TES systems that can be used for the electrification of heating. This is particularly useful in 

regions that have a low-carbon electric power system and surplus electricity, which can then 

be used for heating instead of fossil fuels.   
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Appendix  

The dependency of the solution from the time step for Chapter two’s simulations is studied. 

Time step 0.01 (s) is chosen. Figure A1 shows the result for an outside temperature of -10 

°C for with fan and without fan simulations when the time step is 0.01s. Figure A2 shows 

the result for an outside temperature of -10 °C for with fan and without fan simulations with 

a time step of 0.02 s. 

 

Figure A1. Simulation results for an outside temperature of -10 °C with time step 0.01 (s), (a) with fan, 

(b) without fan. 
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Figure A 2. Simulation results for an outside temperature of -10 °C with time step 0.02 (s), (a) with fan, 

(b) without fan. 
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Simulations were performed to investigate the dependency of the solution on the grid 

parameters for the simulations performed in Chapter Three. Figure A3 shows simulation 

results when the mesh size is 119,411 elements for heating and cooling under an outside 

temperature of 5 °C with both fan and dampers installed (condition 4). Figure A4 shows 

simulation results when 82,825 elements were used for heating and cooling under an outside 

temperature of 5 °C with both fan and dampers installed (condition 4). 

 

Figure A3. Simulation results for heating and cooling under an outside temperature of 5 °C with both 

fan and dampers installed (condition 4) with 119,411 elements. 
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Figure A 4. Simulation results for heating and cooling under an outside temperature of 5 °C with both 

fan and dampers installed (condition 4) with 82,825 elements. 
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The dependency of the solution on the mesh parameters used for all cases simulated in 

Chapter Three were studied. The mesh properties for a second set of simulations for 

determining the heat transfer within channels are given in Table A1. The mesh properties 

used in the simulations that gave the results reported in Chapter Three for determining the 

heat transfer within channels are given in Table A2. 

Table A1. Mesh properties used in a second set of simulations for the channels to check the dependency 

of the solution on the grid. 

Shape  Min size (m) Aspect ratio Skewness Growth rate Number of elements 

Circular 1.46*10-5 2.2 0.249 1.2 6554 

Triangular 1.46*10-5 4.6 0.166 1.2 9432 

Rectangular 1.46*10-5 3.8 0.003 1.2 9504 

Sinusoidal 1.46*10-5 3.5 0.180 1.2 257550 

 

Table A2. Mesh properties used in the simulations for the results given in Chapter Three for the 

channels. 

Shape Min size (m) Aspect ratio Skewness Growth rate Number of elements 

Circular 1.46*10-5 1.64 0.240 1.2 4536 

Triangular 1.46*10-5 3.9 0.183 1.2 6768 

Rectangular 1.46*10-5 3.1 0.003 1.2 6390 

Sinusoidal 1.46*10-5 3.2 0.150 1.2 298240 
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The new mesh properties used in the simulations for determining the heat transfer within 

beds are given in Table A3. The mesh properties used in the simulations in Chapter Three 

for determining the heat transfer within beds are given in Table A4. 

Table A3. Mesh properties used in a second set of simulations for the beds to check the dependency of 

the solution on the grid. 

Shape  Min size (m) Aspect ratio Skewness Growth rate Number of elements 

Sinusoidal 1.46*10-5 1.54 0.347 1.2 705936 

Triangular 1 1.46*10-5 2.8 0.184 1.2 17952 

Triangular 2 1.46*10-5 3.0 0.187 1.2 18720 

Rectangular 1 1.46*10-5 3.17 0.017 1.2 18095 

Rectangular 2 1.46*10-5 3.59 0.022 1.2 17346 

 

Table A4. Mesh properties used in the simulations for the results given in Chapter Three for the beds. 

Shape  Min size (m) Aspect ratio Skewness Growth rate Number of elements 

Sinusoidal 1.46*10-5 1.68 0.342 1.2 575865 

Triangular 1 1.46*10-5 2.3 0.177 1.2 14740 

Triangular 2 1.46*10-5 2.5 0.180 1.2 15600 

Rectangular1 1.46*10-5 2.25 0.019 1.2 12420 

Rectangular 2 1.46*10-5 2.56 0.015 1.2 11890 
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Figure A5 shows the average outlet temperature for the four different channel shapes when 

the mesh parameters given in Table A1 are used.  Figure A6 shows the average outlet 

temperature for the four different channel shapes reported in Chapter Three, which were 

simulated using the mesh parameters given in Table A2.  

 

Figure A5. Average outlet temperature for different channel shapes for checking the dependency of the 

solution on the grid (simulated using the mesh parameters in Table A1). 
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Figure A6. Average outlet temperature for different channel shapes (simulated using the mesh 

parameters in Table A2). 

Figure A7 shows the average outlet temperature for the four different bed shapes when the 

simulations are performed using the mesh parameters in Table A3.  Figure A8 shows the 
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average outlet temperature for the four different bed shapes reported in Chapter Three, which 

were simulated using the mesh parameters in Table A4. 

 

 

Figure A7. Average outlet temperature for different bed shapes simulated to check the dependency of 

the solution on the grid (simulated using the mesh parameters in Table A3). 

 

Figure A8. Average outlet temperature for different bed shapes (simulated using the mesh parameters 

in Table A4). 
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Figures A9 to A14 show the second and third experimental results of discharging processes 

with air velocities 0.4, 0.6, 0.8 m/s.  

.  

Figure A9. Experimental results for the second experiment of the discharging process at an air velocity 

of 0.4 m/s (a) Temperatures (b) Relative humidity. 
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Figure A10. Experimental results for the third experiment of the discharging process at an air velocity 

of 0.4 m/s (a) Temperatures (b) Relative humidity. 

 

 



 

 104 

 

Figure A11. Experimental results for the second experiment of the discharging process at an air 

velocity of 0.6 m/s (a) Temperatures (b) Relative humidity. 
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Figure A12. Experimental results for the third experiment of the discharging process at an air velocity 

of 0.6 m/s (a) Temperatures (b) Relative humidity. 
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Figure A13. Experimental results for the second experiment of the discharging process at an air velocity 

of 0.8 m/s (a) Temperatures (b) Relative humidity. 
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Figure A14. Experimental results for the third experiment of the discharging process at an air velocity 

of 0.8 m/s (a) Temperatures (b) Relative humidity. 

 

 


