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Abstract 

Dimensional Analysis and Sub-scaling of Building Thermal Airflow  

Dynamics Based on Simple Analytical Models 

Xin Zhang 

Sub-scale model experiments are widely used in the design of natural/hybrid ventilation systems 

and the thermal mass of buildings to calibrate and validate simulation models, collect data, and 

guide preliminary designs. Defining a scaling law to relate a sub-scale model experiment to a full-

size building is a good method to determine fabrication design and operation strategy. As a result, 

many previous studies have focused on airflow similarity between a sub-scale model and a full-

size building in a steady state using dimensional analysis. These studies, however, lack integrated 

consideration of both airflow and heat transfer in a transient-state model. The purpose of this thesis 

is to build an analytical model for dimensional analysis in a simplified model and to define 

dimensionless numbers to consider integrated similarity. The thesis also discusses whether those 

dimensionless numbers can be applied to a complicated high-rise building. Both sub-scale and 

full-size simulation models are calibrated and validated using results of sub-scale model 

experiments. Subsequently, dimensionless results from both the sub-scale and full-size models are 

compared to verify the dimensionless numbers derived from the analytical model. Finally, 

counterpart results for a full-size model are calculated by the scaling law from sub-scale 

experiments for thermal mass application 
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 Chapter 1 Introduction 

1.1. Statement of the problem 

Economic development and growing population worldwide have resulted in increasing demands 

for energy and escalating generation of greenhouse gases (GHG). Among all sectors, the building 

sector has been a main contributor of energy use growth in Canada, most of which is due to 

increased needs for space cooling [1]. From 1990 to 2015, the total energy consumption for space 

cooling in both commercial/institutional and residential sectors increased by 116% [1]. Globally, 

from 1990 to 2016, space-cooling energy use has increased more than threefold to 2,020 TWh, 

which reached nearly 10% of the total electricity consumption (21,000 TWh) in whole building 

sectors [2]. Meanwhile, 40% of total carbon emissions are believed to be from buildings, a major 

contributor to global climate warming [3].  

To reduce building energy demands and GHG generation, two common approaches have been 

often taken: 1) reducing energy usage through energy-efficiency measures, including using more-

efficient energy systems, and 2) reducing the reliance on major energy expenders in buildings, 

such as mechanical systems, by taking advantage of passive systems, including passive solar 

energy and natural/hybrid ventilation. A well-designed natural ventilation system was found to be 

able to cut energy demands by 50% [4]. By adjusting window-to-wall ratio and window opening 

percentage, operational strategy can be optimized to increase energy savings through natural 

ventilation [5]. Furthermore, when outdoor air is cleaner than indoor air, by bringing in fresher 
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outside air and removing indoor contaminants (e.g., CO2) [6], natural ventilation systems tend to 

reduce sick-building syndrome when compared to mechanical ventilation systems, as confirmed 

by a study of 42 buildings. On the other hand, in naturally ventilated buildings, thermal comfort 

seems a major concern: complaints of discomfort have been often reported due to the high 

sensitivity of indoor air to the exterior environment in hot or cold climates [7]. The thermal-

comfort issue is therefore often addressed by combining mechanical and natural ventilation 

systems, so-called hybrid ventilation. It was found that hybrid ventilation could save 90% on 

cooling-system energy in extremely arid climates when proper control strategies were in place for 

the hybrid ventilation system in the tested building [8]. 

Given that its benefits outweigh its shortcomings, natural or hybrid ventilation is regaining its 

popularity as an effective passive cooling strategy [9]. 

Meanwhile, for regions with significant diurnal temperature variations, there often exists a 

mismatch between demand and response for a natural or hybrid ventilation system: that is, the 

peak cooling load may occur during the middle of the day, whereas the outdoor air conditions (e.g., 

outdoor temperature) are not suitable for natural or hybrid ventilation; on the other hand, when the 

outdoor air temperature is low at night, the indoor cooling load may become so low that natural 

ventilation becomes unnecessary. This problem can be solved by the use of load-shifting 

techniques, such as using the natural and/or man-made thermal masses of buildings for thermal 

storage. Therefore, a combination of thermal mass and hybrid ventilation becomes a reasonable 
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solution: the thermal mass provides a stored cold energy source to cool down the indoor 

environment during the daytime and is charged with the cooling energy at night [10]. The greater 

the natural thermal mass of a building, the more cooling energy can be stored and, therefore, the 

shorter the period of time the air-conditioning system needs to operate. The building thermal mass 

can also be increased with the addition of man-made thermal storage materials, such as phase-

change materials (PCMs) [11]. Thermal mass storage has been proved to be an effective 

technology for buildings. It can be divided in two major types: sensible-heat and latent-heat storage 

(e.g., PCMs). PCMs are stable near their freezing/melting temperature and have a high thermal 

capacity. Takeda and Nagano applied a PCM to the floor in their air-PCM ventilation system 

[12][13]. They showed that the PCM floor is a practical option for increasing a building’s thermal 

storage, experimentally increasing storage to 1.79 MJ/m2 over the course of a single night in a test 

room.  

Compared with natural building materials, such as wood or concrete, a PCM is often much more 

expensive, so its use could result in a substantial additional cost [14]. Therefore, the question of 

how to integrate thermal mass with natural/hybrid ventilation in the most cost-effective way 

remains a major challenge to promoting the wide application of hybrid ventilation. Frequently, air-

PCM thermal energy storage systems have been combined with heating, ventilation, and air-

conditioning (HVAC) systems [15]. 
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Similar to other common building design and analysis problems, the design and operation of 

natural/hybrid ventilation systems with thermal mass often requires using several methods: 

analytical models, full-size experiments, scaled laboratory experiments, and numerical simulations, 

which can be further divided into multizone thermal models and the more detailed computational 

fluid dynamics (CFD) models [16].  

When we compare experiments and numerical simulations, the latter require accurate material 

properties as inputs, which are often hard to find. For example, there is no standard set of accurate 

PCM properties provided by their manufacturers: some manufacturers provide only the “phase-

change temperature,” which means the substance’s freezing and melting temperatures are identical, 

whereas others provide different freezing and melting temperatures [14]. Furthermore, powder and 

liquid PCMs are often mixed in building materials or are packed in containers of different shapes, 

so the variations in mixing percentages and container shapes result in vast property differences 

among different PCMs from different sources [17], which makes it quite difficult to conduct 

numerical simulations. Therefore, experiments are unavoidable when studying natural/hybrid 

ventilation systems with thermal mass. More than that, when relatively large openings are 

considered, indoor-outdoor interactions generate bidirectional exchange flows, which are difficult 

to simulate. However, bidirectional exchange flows also may reduce stack pressure and result in 

decrease of exchange flows, which may violate fire codes [18]. Moreover, numerical simulations 
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must be validated against reliable experimental data before drawing conclusions, especially for 

large buildings with more complicated thermal airflow situations [19]. 

Nonetheless, numerical simulations can be quite powerful if they have been properly validated. 

Compared to experiments, computational simulations have almost zero cost and can be extended 

to many situations and material parameters that cannot easily be tested experimentally, such as 

building structure, materials, operations strategy, and so on. As a result, taking the benefits of both 

experiments and simulations and avoiding their weaknesses, the study of thermal airflows within 

buildings needs an integrated approach that uses both methods: experiments provide quality 

measurement data that is used to validate simulations, and simulations can then be extended to 

study situations that are costly or impractical to study experimentally. 

When it comes to experimental approaches, full-size experiments are more costly and are often 

impractical for large buildings in terms of time and space when compared to scaled tests [20]. In 

this study, therefore, scaled experiments are the main test approach used.  

In many previous scaled experimental studies, general dimensionless numbers, such as the 

Reynolds number, the Froude number, or the Grashof number, were applied when designing scaled 

tests and when explaining the scaled results and extending them to other scales. It has been well 

accepted that it is impossible to conserve all types of similarities in such tests [16]. For example, 

when studying natural or hybrid ventilation systems, temperature similarity is the most significant 

objective, so the Grashof similarity is often applied. In hybrid ventilation, however, the 
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conservation of the Grashof similarity based on the generic Grashof definition may result in an 

unrealistically high temperature [21].  

For these reasons, a sub-scale model of thermal performance needs an increased heat flux or needs 

to compensate for the variation by different boundary conditions after dimensional analysis to 

ensure integrated thermal performance similarity between prototype and sub-scale model [22]. 

Nevertheless, this similarity cannot match the fluid dynamic completely because the analytical 

model considers only the thermal performance, and the flow pattern will be distorted from that of 

the prototype. Similarly, due to different thermal masses of different materials between prototype 

and sub-scale model, time-dependence should also be considered by analytical models [23]. 

Consequently, in sub-scale model experiments, an appropriate transient-state scaling law is 

indispensable and, depending on the desired objective, could be derived by dimensional analysis. 

For simulation approaches, the detailed models, such as the CFD models, often involve extensive 

computing costs and time [16], and stringent requirements from accurate boundary condition 

settings [24]. As a result, for most building designs, CFD simulations are often limited to fixed 

boundary conditions, such as temperature, heat flux, and airflow rate, instead of real, dynamic 

information [25]. An alternative solution is to use simpler numerical simulation models, such as 

multizone thermal airflow network models, which are based on the assumption that the thermal 

and airflow conditions in a space are well-mixed so that the large volumetric space can be 

considered as one zone with uniform temperature, pressure (at the same height), and species 
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concentrations [26]. For large buildings with complicated systems, multizone models are found to 

be quite effective and to provide adequate accuracy [27] [28], especially when long-term results 

such as annual energy simulations are required, which can never be done by CFD simulations. The 

current study, therefore, uses the multizone network model as the major simulation model. In 

summary, this study relies on combined multizone network simulations and scaled experiments to 

investigate natural/hybrid ventilation coupled with thermal mass in buildings. 
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1.2. Motivation 

Natural ventilation and hybrid ventilation can effectively reduce space cooling demand, however, 

how to determine airflow rate is always challenging when natural ventilation and hybrid ventilation 

are combined with thermal mass (e.g. PCM). The reason for this challenge is disadvantage of 

simulation and experiment, i.e., it is difficult to simulate natural and hybrid ventilation in 

multizone model, to simulate thermal mass in transient state in CFD model. Due to those 

limitations, this thesis, therefore, intends to combine sub-scale experiment and analytical model to 

research natural and hybrid ventilation. 

Through proposed method in the thesis, designer can quantify PCM thermal charge and discharge 

in natural and hybrid ventilation in preliminary more precisely. With thermal property uncertainty 

and high cost of PCM, the research is indispensable to guide PCM application in natural and hybrid 

ventilation system. The proposed natural and hybrid ventilation system, which combined with 

PCM, is suitable for commercial and institutional building, because residential building cannot 

afford it based on relatively lower price/performance ratio in residential building rather than 

commercial/institutional building. Therefore, the scope of proposed system application will be 

commercial/institutional building. 
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1.3. Objectives of this thesis 

From the discussions in the previous section, the following challenges have been identified:  

• When full-size experiments are not available, sub-scale tests need to be carried out. The typical 

dimensionless numbers from conventional dimensional analysis (e.g., from the Buckingham π 

theorem or developed from partial differential equations) are often too general and are designed 

for conserving detailed, local fluid flow and heat transfer phenomena, but not for obtaining global 

information. Therefore, a new dimensionless analysis to identify new dimensionless numbers is 

required. 

• These new dimensionless numbers are needed to aid in the design of sub-scale tests (i.e., to 

help scale down full-size test and boundary conditions), and to aid in extending the sub-scale test 

results to full-size scales (i.e., scaling up the scaled test results). Therefore, different test cases 

need to be carried out. 

• The relationship needs to be well developed between the scaled-test results, the scaled-

simulation results, and the full-size-simulation results (when the full-size experiments are 

impractical). A proper scaling process involving both experiments and simulations needs to be 

developed. 

• This thesis intends to avoid and solve the previously indicated problems by deriving a new 

scaling law from dimensional analysis and to focus on the transient state with energy consumption 
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predictions for hybrid ventilation systems in high-rise buildings. This complex model would be 

difficult to achieve using any single method, therefore, the thesis combines dimensional analysis 

of an analytical model, sub-scale model experiments, and multizone simulations for sub-scale and 

full-size models. Limitations of this new scaling law are discussed in the methodology chapter. 

To solve these challenges, the main objectives of this thesis are: 

• Development of new dimensional analysis method 

The new dimensional analysis method is meant to identify the dimensionless numbers specific to 

certain problems and to apply them to designing sub-scale experiments and to scaling up the results 

of these experiments. In this study, the dimensional analysis does not apply π analysis or general 

partial differential equations to find the typical dimensionless numbers. Instead, we study the 

transient scaling law based on the lumped and simplified conservation equations of transient mass 

and heat balance equations for natural and hybrid ventilation systems coupled with thermal mass. 

The lumped models make it possible to capture global and homogeneous information, including 

temperature and pressure, and their relationships based on analytical models.  

For a multizone model, it is difficult to find the ideal relationship between sub-scale and full-size 

models that simultaneously consider fluid motion, natural and mechanical ventilation, and heat 

transfer [16]. Therefore, it is assumed that dimensionless numbers derived from a simplified model 

can be used in a more complicated model. Then, the application of dimensionless numbers is 

discussed in the results. 
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• Sub-scale model experiments 

In this thesis, the sub-scale model experiments cover two cases: single-zone natural ventilation 

and multizone hybrid ventilation, both of which are tested with and without PCMs. The first case 

is considered as the foundation for the second case, so the research plan follows the logic from 

natural ventilation to hybrid ventilation, from single zone to multiple zones, and from a simple 

model to a more complex model. Meanwhile, based on the new dimensionless numbers developed 

for each case, the measured sub-scale results are scaled up to those of the full-size models to 

evaluate the full-size performance of the hybrid ventilation both with and without PCMs.  

• Multizone simulations of the sub-scale and full-size models 

Numerical multizone simulations are conducted for both sub-scale and full-size scale models. The 

measured sub-scale model data are used to calibrate the multizone network model, which is then 

used to calculate the corresponding full-scale cases. The scaled-up full-size results are also 

compared to those obtained from the full-size simulations, which once again could help to verify 

the new scaling methods. A detailed schematic of the proposed method is found in Section 3.1. 
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 Chapter 2 Literature Review 

2.1. Natural and Hybrid Ventilation 

Hybrid ventilation is commonly employed in buildings when natural ventilation alone cannot 

satisfy the needs of air exchange or space cooling and mechanical fans are added as an assistant 

system. Going back to the 1950s, there were no HVAC systems in commercial buildings, therefore, 

natural ventilation was one of the few choices for space cooling [29]. 

A survey of 43,000 online questionnaires in 370 object constructions and 12 buildings with hybrid 

ventilation found better indoor air quality and higher thermal satisfaction with hybrid ventilation 

systems [30]. With relatively higher air-exchange rates, hybrid ventilation systems have been 

proven to reduce cases of sick-building syndrome [6]. At the same time, hybrid ventilation is also 

an effective energy-saving solution.  

Brager et al. [29] proposed a framework for hybrid ventilation classification through 21 high-level 

case studies. They suggested that a hybrid ventilation system cannot be defined simply as an 

HVAC system with open windows. Instead, hybrid ventilation is an integrated system to reduce 

cooling loads by well-designed strategies. For example, combining thermal mass with nighttime 

hybrid ventilation can aid peak-load shifting to maximize the benefit of the system. 

Ezzeldin and Rees [8] applied hybrid ventilation to space cooling in an extreme climate (i.e., a 

desert) area with diurnal temperature variation. A climate-responsive operation strategy was 
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designed that incorporated several technologies (i.e., direct evaporative cooling, borehole heat 

exchanger, night convective cooling strategy, and radiant cooling elements coupled to a cooling 

tower), resulting in a 90% reduction in energy demand. Hybrid ventilation was found to contribute 

to more than 40% of the total energy savings while at the same time providing a satisfactory 

thermal-comfort level. A higher temperature set point with a higher thermal mass used in the 

design reduced temperature fluctuations and thus improved thermal comfort in the building.  

Spindler and Norford [31] indicated that although hybrid ventilation systems can contribute to 

reducing energy consumption, occupant satisfaction may become a major concern. It is, therefore, 

imperative to balance energy savings with thermal comfort. Using multizone modeling, they 

applied a black-box method (a kernel recursive least squares method and neural network) to solve 

the problem in designing a system. Although their method seemed to provide automatic control of 

the system, the model did not consider the wind effect, which is one of the most significant factors 

to consider in designing a hybrid ventilation system.  

Simonetti et al. [32] proposed a regeneration system combined with a hybrid ventilation system. 

A natural air-conditioning wall was designed to connect the hybrid ventilation system with a 

building-integrated photovoltaic panel. It took advantage of both evaporative cooling and higher 

air exchange for dehumidification than conventional systems. The regeneration system used the 

solar heat stored in water tanks to increase the overall efficiency of the system. 



14 

 

A hybrid ventilation system was designed for a stack-effect-dominated building by Yang and Li 

[33]. They built an analytical model for the dimensional analysis to optimize natural and 

mechanical ventilation based on dimensionless numbers (ventilation performance indicator and 

atrium enhancement parameter). The analytical results were also validated by CFD simulations. 

Their paper showed that a dimensional analysis of the analytical model is an effective method for 

the design and analysis of hybrid ventilation systems.  

Turner and Awbi [34] installed a hybrid ventilation system in a small residential test room inside 

an environmental chamber to collect full-size experimental data. Although a high air-exchange 

rate of 120 L/s existed, the inside-outside temperature difference could be kept within 10 °C under 

both heating and cooling conditions. The study also showed that a heat recovery ventilator could 

improve the performance of a hybrid ventilation system in an attic.  

A whole-building hybrid ventilation study that integrated hybrid ventilation and building thermal 

mass was conducted in an institutional high-rise building. The researchers proposed that a lower 

operational temperature could be set during the pre-cooling of the exposed concrete floor in the 

corridors near the natural ventilation openings based on the weather prediction [9]. It was estimated 

that 11.7 MJ of space-cooling energy could be saved in the daytime after the concrete floors had 

been chilled by hybrid ventilation for four hours during the night.  

For the same building, Karava et al. [35] conducted full-size measurements of air and concrete 

surface temperatures for the common spaces of the atrium and the corridor. They showed that there 
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was a temperature difference in the atrium air of approximately 3 °C between hybrid ventilation 

and only mechanical ventilation on a clear day because of solar irradiation. Meanwhile, hybrid 

ventilation was found to provide around 6,500 kWh of free cooling over three months, which was 

30% of the total cooling demand.  

From the literature review, it is apparent that hybrid ventilation can be well applied when combined 

with thermal mass and pre-cooling operations. For a large building with a high cooling demand, 

thermal mass with hybrid ventilation can play a significant role in energy savings. In this thesis, 

therefore, an energy-efficient thermal mass such as a PCM is integrated with a hybrid ventilation 

system to reduce energy consumption and improve occupants’ thermal comfort. 

2.2. Phase Change Materials 

The earliest research on PCMs can be traced back to a 1978 study by Telkes of sodium sulfate 

decahydrate and water [36]. Therefore, PCM is not really a new technology and has been studied 

for more than 40 years. However, PCM is not commonly used in buildings as an affordable 

material due to the expensive pure paraffin waxes that are often the main ingredients in PCMs [37]. 

Therefore, designers and proprietors are prudent in their application of PCM and an optimized 

design is prerequisite. 

Different encapsulation methods allow for different PCM applications. Macro-encapsulation refers 

to PCM packed in panels, tubes, and even spheres based on the customization needs, and micro-

encapsulation refers to PCM particles in powder or liquid form mixed into building materials [14]. 
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Therefore, various shapes, sizes, and mixing percentages may produce significantly customized 

PCM properties. How to determine these properties for accurate simulations often becomes a 

practical issue [14]. 

 

Figure 2-1. Micro-encapsulation and macro-encapsulation of PCM [14]. 

Although various studies have been conducted on PCM in the past 40 years, there is still a lack of 

research on the interaction of thermal airflow and PCM in real buildings [15], especially studies 

of systems combining hybrid ventilation with PCM as the thermal mass. When combined with 

hybrid ventilation, PCM is not restricted to space cooling but can also be used as an adjunct heating 

source with solar irradiation, HVAC, and heat pump systems [15]. 

Guarino et al. [38] tested a paraffin-based PCM wall in a small chamber for solar thermal storage 

in winter. The PCM wall, with paraffin waxes and an aluminum surface, melted and froze at 

approximately 19 °C. The test room was made with five PCM layers (Figure 2-2) on a wall facing 

the incoming solar radiation, which entered through a window on the opposite wall of a sealed 

room built inside a larger environmental chamber. The environmental chamber conditions were 

controlled to simulate the actual three-day weather of Montreal. The experiments and numerical 

simulations showed that the PCM could reduce annual heating energy consumption by 17%.  
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Figure 2-2. The design of an installed PCM wall [38]. 

Yanbing et al. [39] built an analytical model of a PCM-packed-bed storage system in a ceiling with 

nighttime ventilation (Figure 2-3). The model was further validated by experiments, which showed 

the convection coefficient between the PCM and capsule was 12–19 W/m2. The researchers 

concluded that the analytical model was a suitable analysis model for the air-PCM system, and 

they suggested that the ceiling PCM system could reduce the space temperature and energy 

demand during cooling periods.  

 

Figure 2-3. PCM-packed-bed storage system in a ceiling [39]. 
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An in-floor supply air system (Figure 2-4) was proposed by Nagano et al. [13] and tested in a sub-

scale office building. The PCM was installed over a supply air ventilation layer to charge the 

cooling load at night and discharge it during daytime. The melting and freezing temperature was 

approximately 20 °C, and the whole system reduced energy demand for space cooling by 89%.  

 

Figure 2-4. PCM-packed-bed in floor [13]. 

In conclusion, PCM can work effectively within building ventilation systems. Specifically, it can 

be charged with a larger free cooling or heating load when they are available than traditional 

construction materials. Therefore, a hybrid ventilation and PCM system is highly recommended 

for space cooling and heating near the material’s phase-change temperature. 

2.3. Numerical Modeling and Simulation  

For thermal airflow modeling and simulations, two methods are commonly available: multizone 

network models and CFD modeling. Multizone simulation is based on a lumped model with the 

assumption that each room or zone has well-mixed air with uniform properties, including 

temperature, pressure, and species concentration [40]. In comparison, CFD models divide a room 

or zone into many control volumes, for which the well-known Navier-Stokes equations are solved 
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[16]. For both models, however, validation and calibration against experimental data are important 

to ensure simulation accuracy [22]. 

CFD is often more computationally intensive and time consuming but provides more detailed 

results than multizone network models [41][42]. To escalate the simulation speed, high-

performance computer hardware and/or advanced numerical algorithms must often be used—for 

example, the use of graphics processing units (GPUs) and/or the development of new CFD 

methods, such as fast fluid dynamics [43], which are mostly still at the research stage. Therefore, 

it is still impractical to apply CFD to engineering analyses that model large cases (e.g., tens of 

millions of grids) or long-period simulations (e.g., on the scale of days, months, or years). In 

comparison, the multizone models have been commonly used for these situations. In the current 

study, therefore, we decided to use an in-house, multizone-based thermal airflow model [44] for 

the simulations of the building’s hybrid ventilation system. 

In the literature, multizone-based simulation models have been used to study natural/hybrid 

ventilation in buildings. A hybrid ventilation system for a residential building was modeled using 

a multizone model (TRNbuild and TRNflow) to determine energy savings under various 

combinations of indoor and outdoor conditions. It was found that while keeping the room CO2 

concentration within allowable limits, the hybrid ventilation system used 20% less energy than a 

comparable mechanical system. The indoor CO2 level was also controlled within an acceptable 

range. The study demonstrated the effectiveness of the multizone model for the study of hybrid 
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ventilation of buildings [45]. A large commercial building was simulated by Zhai et al. [46] with 

EnergyPlus which is a building energy simulation tool developed by the US Department of Energy 

labs. The study revealed several existing limitations of multizone simulation models for hybrid 

ventilation. The most significant one was the lack of trustworthy simulation settings, such as 

discharge coefficients, wind pressure, solar irradiation, and so on. The study agreed that it is 

possible to simulate a large building with hybrid ventilation, but the calibration and validation 

must be carried out for simulation accuracy.  

In summary, for both CFD and multizone simulations, experimental calibration and validation are 

necessary. Compared to CFD, a multizone model is often faster and more appropriate for modeling 

large buildings with hybrid ventilation to analyze energy efficiency.  

2.4. Sub-scale Model Experiment 

Sub-scale modeling is a systematic method based on physics analysis for predicting the 

performance of a corresponding large-scale case for a given aspect serving a specific purpose [22]. 

In theory, the sub-scale model should replicate the physics phenomena of the prototype, in spite 

of different geometries and materials used at the two scales [47]. However, it is nearly impossible 

to reproduce all physics phenomena of the prototype. An effective alternative is to scale the 

problem for only those specific phenomena of interest, while neglecting other parameters. 

Sub-scale tests are needed for new construction for which it is impossible to conduct full-scale 

tests before construction. They are also used to model existing buildings when full-scale tests are 
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limited by time, space, labor, or financial resources [22]. Properly designed and conducted, a sub-

scale test can be an effective source of key inputs for numerical simulations, providing valuable 

data for validation and calibration, or guidelines and directions for simulation design. In addition, 

with recent developments in additive manufacturing technology—that is, 3D printing—it has 

become much easier to quickly prototype and fabricate an accurate sub-scale building model. 

 

Figure 2-5. Project difficulty and relative cost for different modeling methods [22][48]. 

Relationships and trends among classic problem-solving methods—hand calculation, computer 

simulation, and scale-model experiment—are shown in Figure 2-5 graphed against project 

difficulty and relative cost. In 1972, Hossdorf and Hernández [48] discussed the relation between 

cost and difficulty for the first time, as shown by the dark lines. Lirola [22] modified and predicted 
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trends for newer technology developments, especially 3D printing and improvements in computing 

hardware and algorithms, as shown by the red and blue lines.  

To conserve the similarity between sub-scale model and full-scale prototype of those physics 

phenomena of greatest interest, that is, the so-called “similarity analysis,” the first step is to identify 

the associated dimensionless number or numbers that govern the phenomena in question—the so-

called “dimensional analysis.” Because these dimensionless numbers define the dominant forces 

and other parameters that reflect the underlying physics of complicated phenomena, and they are 

without dimensions, the similarity of the sub-scale and full-scale cases can be ensured by equating 

the associated dimensionless numbers between the two scales. When it is impossible to achieve 

equal dimensionless numbers because of limitations in test conditions and in materials available 

at both scales, the similarity analysis will try to identify those situations when the phenomena of 

interest become independent of the dimensionless numbers in question, so the similarity can be 

always satisfied (e.g., Reynolds Independence). There exist a few methods to conduct this 

dimensional analysis: 1) applying the Buckingham π theorem; 2) deriving it from partial 

differential equations, such as the Navier-Stokes equations; or 3) deriving it from analytical models 

and their solutions.  

A series of wind tunnel sub-scale experiments (Figure 2-6) were conducted by Cui et al. [49] to 

study temperature distribution and contaminant diffusion in urban areas governed by the 

Richardson and Reynolds numbers. It was found that within the region of Reynolds independence, 
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contaminant dispersion is governed by the Richardson number: its concentration increases with 

the Richardson number in the vertical direction of the street canyon in which the pollution 

distribution can affect indoor air quality simultaneously.  

 

Figure 2-6. Conception of the sub-scale model experiment [49]. 

Minehiro et al. [50] built a 1:5 sub-scale model of a full-scale horizontal tunnel based on the Froude 

number to study backlayering distance and critical velocity (Figure 2-7), in which the heat transfer 

with surrounding envelopes was considered. A new mathematical expression was developed to 

calculate smoke layering and critical velocity. The study also compared the smoke layering and 

critical velocity calculated with this new expression to experimental results in five different sub-
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scale models and the full-size prototype from previous research. The transient phenomena were 

modeled using the Biot number and the Fourier number.  

 

Figure 2-7. Schematics of sub-scale model experiment of backlayering distance and critical 

velocity [50]. 

Another study on fire-smoke spread was conducted by Qi et al. [51][52][53] in the vertical shafts 

of buildings, as shown in Figure 2-8. A new dimensionless number was defined to consider the 

heat transfer between the fire smoke and the surrounding shaft walls, which had been neglected by 

Froude modeling, the conventional scaling method. The new dimensionless number (Fr/Cd) was 

derived from the dimensionless forms of analytical conservation equations of heat and mass 

transfer in building shafts, so that both the buoyancy-driven airflow and the heat-transfer 
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similarities were conserved. The conclusions were confirmed by multiple sub-scale tests with 

different construction materials in the study.  

 

Figure 2-8. Two different scale model of building shafts during fires [52]. 

Song and Kimura [54] modeled a large industrial building in 1:10 scale for cooling load prediction 

following the Reynolds number, Prandtl number, and Peclet number. The study compared the 

energy savings performances of three different air-conditioning systems to find the best system for 

the building when heating increased.  

Ding et al. [21] conducted sub-scale tests and CFD simulations of an eight-story building with an 

integrated system of double-skin facade, natural ventilation, and a solar chimney, as seen in Figure 

2-9. Grashof modeling was applied because natural ventilation was the main phenomenon in the 

building. However, to conserve the Grashof number, the temperature scaling was cubic value of 

the length scaling, which was difficult to achieve under lab conditions. As a result, Grashof 
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independence was forced in the study and results showed that the solar chimney performed well 

over two floors.  

 

Figure 2-9. Solar chimney tests in a sub-scale eight-story building [21]. 

Suwa and Tsuchiya [55] built a 1:4 sub-scale model of a data center based on Archimedes number 

to study 10 different air-conditioning and ventilation modes through various combinations of floor, 

wall, and ceiling supplies and exhausts, as shown in Figure 2-10. The sub-scale test results showed 

that the best strategy for data center cooling was to combine the ceiling air supply and ceiling 

exhaust.  



27 

 

 

Figure 2-10. A 1:4 sub-scale data center study for the best ventilation strategy [55]. 

Miura et al. [56] built a 1:10 sub-scale model (Figure 2-11) to study a double-skin and solar 

chimney based on the Archimedes number. Full-scale CFD simulation results were obtained to be 

compared to the sub-scale measurements at the steady state. It was found that the sub-scale 

temperature results were about 4 °C lower than the full-scale CFD results, because heat transfer 

was neglected in the sub-scale experiment. Therefore, for natural ventilation cases, heat-transfer 

phenomena can be significant and cannot be ignored.  

 

Figure 2-11. A 1:10 sub-scale office building with a solar chimney [56]. 
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To test the thermal performance of glazing, Lirola [23] investigated several multiscale cases 

(Figure 2-12) based on dimensionless numbers from the Buckingham π theorem. For simplicity, 

thermal capacity was ignored in the dimensional analysis. The transient temperature measurements 

compared quite differently among different scales because thermal capacity had been neglected 

during sub-scaling.  

 

 

 

Figure 2-12. Sub-scale experiments with building glazing [23]. 

Acred and Hunt [18] proposed a general and preliminary design method following a dimensional 

analysis of natural/hybrid ventilation in multi-floor buildings (Figure 2-13). The performance of 

the natural ventilation system was evaluated in terms of different vent sizes, mechanical ventilation 
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rates, and cooling loads by using several newly developed dimensionless numbers based on the 

analytical solutions of the naturally ventilated building. However, this study also failed to consider 

heat transfer.  

 

Figure 2-13. A multizone dimensional analysis of an office building [18]. 

The literature review shows that sub-scale tests are a cost-effective method for making design 

decisions and optimizing a building’s mechanical and control systems, in addition to providing 

valuable data for the validation and calibration of numerical simulations. To serve different 

objectives among different cases, various dimensionless numbers have been applied: the Froude 

number in fire research, the Richardson number in an urban pollutant dispersion study, and the 

Grashof/Archimedes number for natural/hybrid ventilation research. Besides these commonly 

recognized numbers, new problem-specific numbers have also been developed from dimensional 

analysis based on analytical models.  
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The literature review also shows the limitations of previous research, such as lack of consideration 

of heat transfer in the envelope and lack of transient-state consideration for thermal mass. The 

objective of this thesis is to overcome these limitations. 
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2.5. Summary and Thesis Work Introduction 

The literature review makes clear the desirability of combining hybrid ventilation with PCM, and 

it reveals the advantages and disadvantages of CFD, multizone simulation, full-size experiments, 

and sub-scale model experiments. Clearly, PCM can reduce energy consumption for space cooling 

with hybrid ventilation, however, quantitative analysis is necessary. For reasons of economy and 

feasibility, this study will use a coupling of sub-scale models and multizone simulation. 

Existing scaling methods consider sub-scale models in adiabatic conditions; in other words, the 

envelope should be high enough to avoid heat transfer between indoors and outdoors. Furthermore, 

a lack of consideration of heat transfer makes it impossible to consider thermal mass, which is 

indispensable for transient state consideration. 

To address these issues, this thesis is organized as follows: 

Chapter 3 – Conservations of the transient single-zone mass and energy equations are constructed 

and then made dimensionless to obtain different dimensionless numbers. A transformation of the 

Fourier number is used for scale reduction. Simultaneously, sub-scale models of different materials 

are analyzed using previous dimensionless numbers to decide the time scale. Sub-scale tests are 

then set up for a small single-zone chamber and a scaled high-rise building. In addition, a multizone 

numerical modeling simulation method is introduced for mass and energy balance equations based 

on CONTAM and EnergyPlus. The model is built in a self-developed tool coded by the PhD 
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student, Ali Katal. Construction details, designs, and experimental setups are also detailed in this 

chapter. 

Chapters 4 and 5 – These two chapters summarize the results of the sub-scale experiments and the 

numerical simulations for the single-zone chamber (Chapter 4) and the sub-scale high-rise building 

(Chapter 5). Numerical simulations are conducted for the sub-scale models after being calibrated 

using the sub-scale test data. Full-scale numerical simulations are then performed for both 

buildings. Lastly, the results are compared between the sub-scale data to the full-size buildings, 

which are from the full-size simulations.  

Chapter 6 – This chapter draws final conclusions from the application methods. It also discusses 

limitations of the current study and suggests future work accordingly. 

Table 2-1. List of limitations in previous research. 

Limitations in previous research 

1. Absence of heat transfer consideration in dimensionless analysis 

2. Absence of heat transfer consideration in sub-scale model design 

3. Absence of transient state consideration in dimensionless analysis 

4. Absence of transient state consideration in sub-scale model design 
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 Chapter 3 Methodology 

3.1. Research Objectives and Framework 

 

Figure 3-1. The procedure for the dimensional and similarity analysis combining analytical 

models, sub-scale tests, and numerical simulations.  

As discussed previously, this study is based on the combination of analytical analysis, sub-scale 

tests and numerical simulations at both sub-scale and full-scale buildings. This chapter introduces 

the proposed process of utilizing the analytical models, sub-scale tests and numerical simulations 
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for conducting the dimensional and similarity analysis as shown in Fig. 3-1. The whole process 

includes the part of the similarity confirmation and the application part. The 1st part follows a 

logical order for the justification and confirmation of the dimensional numbers and their analysis 

for designs and experiments. The 2nd part of the application applies the direct outcomes from the 

1st part including the contributions to initial building designs, construction, and operations and 

controls.  

In the case of the single-zone building model, the dimensional analysis of the analytical model is 

possible, but it is almost impossible to conduct the analytical analysis for the high-rise building 

due to its complicated structure and system. Nevertheless, a complicated building may be 

considered as a group of lumped floors/zones/rooms, each of which the similar single-zone model 

may apply [18]. Therefore, here there is this assumption that the dimensionless numbers obtained 

from the single-zone analytical model may be applicable to the multizone building. 

There is another assumption that the similarity between the sub-scale and the full-scale models 

may be confirmed by comparing the full-scale results, which are scaled up from the sub-scale 

experiments following the proposed scaling laws, with those obtained from the full-scale 

numerical simulations. The similarity verification can justify the dimensionless numbers with 

single zone and multizone application. It would be preferred to obtain full-scale test data and/or 

the test data at different scales from the sub-scale one. However, full-scale tests are often costly 

and impractical for newly built constructions, so this study relies on the full-scale simulations. To 
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ensure the accuracy of the numerical simulation model, this study calibrates and validates it against 

sub-scale test data, which are often effective for the purpose [22]. 

Both steady-state and transient sub-scale tests were conducted. The transient tests were based on 

the full-scale outdoor temperature variations over five days—that it, they were five-day data in the 

full-scale building but scaled down accordingly based on the proposed time-scaling laws to the 

lab-scale models:  

1. Natural ventilation in a single-zone building, which was based on the previous study of “Small 

Chamber Salt Water Test” [57] 

2. Hybrid ventilation in a high-rise building, which was based on the previous studies [5][58] (EV 

Building, Concordia University, Montreal, QC, Canada) 

The five-day weather data were from June 4, 2017, to June 8, 2017, from Montreal, QC, Canada, 

with a temperature variation from 9 °C to 22 °C, a range in which the temperatures are mostly 

suitable for the natural and hybrid ventilation system to use free cooling, as suggested by the 

previous study [9]. 
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3.2. Analytical Models and Dimensional Analyses 

The analytical models and the dimensional analyses here were based on the methods developed by 

Qi et al. at the steady state [53][59]. This study focused on the transient state models and analyses. 

The dimensional analysis was based on the single-zone building model to identify the associated 

dimensionless numbers, which would then be applied to the multi-zone case.  

Table 3-1. List of dimensional analyses assumptions 

Dimensional analyses assumptions 

1. Air, non-PCM envelope, PCM layer are considered as a lump respectively with 

homogeneous temperature. 

2. Air, non-PCM envelope, PCM layer are assumed as a lumped thermal capacitance 

respectively with homogeneous heat capacity. 

3. Air, non-PCM envelope, PCM layer are assumed as a lumped thermal insulation 

respectively with homogeneous thermal conductivity. 

4. Convective coefficient on outside and inside of the envelope are considered as 

same value (hi=ho). 

5. Thermal capacity and density of same material are assumed as same value in both 

sub-scale and full-size model (𝐶𝑝
𝑠 = 𝐶𝑝

𝑓
, 𝐶𝑝𝑐𝑚

𝑠 = 𝐶𝑝𝑐𝑚
𝑓

, 𝜌𝑝
𝑠 = 𝜌𝑝

𝑓
, 𝜌𝑝𝑐𝑚

𝑠 = 𝜌𝑝𝑐𝑚
𝑓

) 
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3.2.1. Single-layer Envelope   

 

Figure 3-2. The schematic of the single-zone natural ventilation model. 

Natural ventilation in a chamber is governed by conservation equations of heat balance (Eq. 3-1 

and Eq.3-2) and mass balance (Eq.3-3) in dimensional forms.  

The heat balance equations are applied to both the air and the wall: 

The indoor air (with the temperature of Ti): 
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The walls (with the temperature of Tw): 
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Mass flow rate equation [18][59] : 

�̇� = 𝐶𝑑𝐴𝑒√2𝑔𝐻
𝑇𝑜 − 𝑇𝑖

𝑇𝑜
𝜌𝑜 = 𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜√

𝑇𝑜 − 𝑇𝑖

𝑇𝑜
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𝐴𝑒 =
𝐴𝑡𝑜𝑝𝐴𝑏𝑜𝑡𝑡𝑜𝑚

√𝐴𝑡𝑜𝑝
2 + 𝐴𝑏𝑜𝑡𝑡𝑜𝑚

2
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Merging the energy balance equations of Eq. 3-1 and Eq. 3-2: 

𝑄𝑖 + �̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖) +
𝐴𝑤
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+
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When we define the wall heat transfer coefficient, U 
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+

1

2
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Eq. 3-5 can then be expressed as the following: 

𝑄𝑖 + �̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖) + 𝑈𝐴𝑤(𝑇𝑜 − 𝑇𝑤) = 𝑀𝑖𝐶𝑝

𝑑𝑇𝑖

𝑑𝑡
+ 𝑀𝑤𝐶𝑝𝑤

𝑑𝑇𝑤

𝑑𝑡  
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Dividing Eq. 3-7 by UAw 

𝑄𝑖

𝑈𝐴𝑤
+

�̇�𝐶𝑝

𝑈𝐴𝑤

(𝑇𝑜 − 𝑇𝑖) + (𝑇𝑜 − 𝑇𝑤) =
𝑀𝑖𝐶𝑝

𝑈𝐴𝑤
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Substitute Eq. 3-3 into Eq. 3-8: 

𝑄𝑖

𝑈𝐴𝑤
+

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜𝐶𝑝
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2
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𝑈𝐴𝑤

𝑑𝑇𝑖

𝑑𝑡
+

𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤

𝑑𝑇𝑤

𝑑𝑡
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To conserve the dimensional temperature between sub-scale model and full-scale model, we then 

define the dimensionless temperature and the dimensionless time in which Tmax (maximum 

ambient temperature) and τ (maximum time duration) are constant in both sub-scale and full-size 

model in the same case: 

𝜃𝑜 =
𝑇𝑜

𝑇𝑚𝑎𝑥
 ,  𝜃𝑖 =

𝑇𝑖

𝑇𝑚𝑎𝑥
 ,  𝜃𝑤 =

𝑇𝑤

𝑇𝑚𝑎𝑥
 ,  �̂� =

𝑡

𝜏
 

In different ambient condition or different tests, Tmax and τ are various, however, with the same 

case, ambient temperature and test time duration are identical in both sub-scale and full-scale 

model. In other words, with dimensionless temperatures and dimensionless time conserving in a 

case, dimensional temperatures are also conserved in the same case. Therefore, similarity in the 

analytical model is based on temperature conservation in multi-scale models. 
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Eq. 3-9 can then be expressed in the dimensionless form: 

𝑄𝑖

𝑈𝐴𝑤
+

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜𝐶𝑝

𝑈𝐴𝑤

(𝜃𝑜𝑇𝑚𝑎𝑥 − 𝜃𝑖𝑇𝑚𝑎𝑥)
3
2

√𝜃𝑜𝑇𝑚𝑎𝑥

+ (𝜃𝑜𝑇𝑚𝑎𝑥 − 𝜃𝑤𝑇𝑚𝑎𝑥)

=
𝑀𝑖𝐶𝑝

𝑈𝐴𝑤

𝑑(𝜃𝑖𝑇𝑚𝑎𝑥)

𝑑(�̂�𝜏)
+

𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤

𝑑(𝜃𝑤𝑇𝑚𝑎𝑥)

𝑑(�̂�𝜏)
 

  3-10

 

Dividing Eq. 3-10 by Tmax:

 

𝑄𝑖

𝑈𝐴𝑤𝑇𝑚𝑎𝑥
+

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜𝐶𝑝

𝑈𝐴𝑤

(𝜃𝑜 − 𝜃𝑖)
3
2

√𝜃𝑜

+ (𝜃𝑜 − 𝜃𝑤) =
𝑀𝑖𝐶𝑝

𝑈𝐴𝑤𝜏
𝑑𝜃𝑖

𝑑�̂�
+

𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤𝜏
𝑑𝜃𝑤

𝑑�̂�
 

  3-11

 

Defining dimensionless numbers as follows: 

Π1 =
𝑄𝑖

𝑈𝐴𝑤𝑇𝑚𝑎𝑥
 , Π2 =

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜𝐶𝑝

𝑈𝐴𝑤
 , Π3 =

𝑀𝑖𝐶𝑝

𝑈𝐴𝑤𝜏
 , Π4 =

𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤𝜏
 

Therefore, Eq. 3-11 can be turned into dimensionless form: 

Π1 + Π2

(𝜃𝑜 − 𝜃𝑖)
3

2

√𝜃𝑜

+ (𝜃𝑜 − 𝜃𝑤) = Π3

𝑑𝜃𝑖

𝑑�̂�
+ Π4

𝑑𝜃𝑤

𝑑�̂�
 

  3-12 

With the purpose of conserving dimensionless temperature and time, dimensionless numbers (П) 

must be conserved between sub-scale and full-scale model correspondingly. 
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Mass flow rate Eq. 3-3 can be transferred into dimensionless form: 

�̇�

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜

= √
𝑇𝑜 − 𝑇𝑖

𝑇𝑜
 

  3-13 

Defining dimensionless number as follow: 

Π6 =
�̇�

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌
𝑜

 

For the similarity analysis between the sub-scale model and the full-scale model, the goal, 

therefore, is to conserve these dimensionless numbers: 

Π1
𝑠 = Π1

𝑓

 

𝑄𝑖
𝑠 =

𝑈𝑠𝐴𝑤
𝑠 𝑇𝑚𝑎𝑥

𝑠

𝑈𝑓𝐴𝑤
𝑓

𝑇𝑚𝑎𝑥
𝑓 𝑄𝑖

𝑓

 

  3-14

 

Π2
𝑠 = Π2

𝑓

 

 𝐴𝑒
𝑠 =

𝐶𝑑
𝑓

𝜌𝑜
𝑓𝐶𝑝

𝑓√𝐻𝑓𝑈𝑠𝐴𝑤
𝑠

𝐶𝑑
𝑠𝜌𝑜

𝑠 𝐶𝑝
𝑠√𝐻𝑠𝑈𝑓𝐴𝑤

𝑓 𝐴𝑒
𝑓

 

  3-15
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Π3
𝑠 = Π3

𝑓

 

𝜏𝑖
𝑠 =

𝑀𝑖
𝑠𝐶𝑝

𝑠𝑈𝑓𝐴𝑤
𝑓

𝑀𝑖
𝑓

𝐶𝑝
𝑓

𝑈𝑠𝐴𝑤
𝑠

𝜏𝑖
𝑓

 

  3-16 

Π4
𝑠 = Π4

𝑓

 

𝜏𝑤
𝑠 =

𝑀𝑤
𝑠 𝐶𝑝𝑤

𝑠 𝑈𝑓𝐴𝑤
𝑓

𝑀𝑤
𝑓

𝐶𝑝𝑤
𝑓

𝑈𝑠𝐴𝑤
𝑠

𝜏𝑤
𝑓

 

  3-17 

Π6
𝑠 = Π6

𝑓

 

Submitting equation 3-15 to П6 

  

�̇�
𝑠 =

𝐶𝑑
𝑓

𝜌𝑜
𝑓𝐶𝑝

𝑓√𝐻𝑓𝑈𝑠𝐴𝑤
𝑠

𝐶𝑑
𝑠𝜌𝑜

𝑠 𝐶𝑝
𝑠√𝐻𝑠𝑈𝑓𝐴𝑤

𝑓

𝐶𝑑
𝑠𝜌𝑜

𝑠 √𝐻𝑠

𝐶𝑑
𝑓

𝜌𝑜
𝑓√𝐻𝑓

�̇�
𝑓 =

𝐶𝑝
𝑓

𝑈𝑠𝐴𝑤
𝑠

𝐶𝑝
𝑠𝑈𝑓𝐴𝑤

𝑓 �̇�
𝑓

 

 

 

  3-18

 
For the mechanical, ṁ was determined by the mechanical fan. It should follow the same scaling as 

Eq. 3-18: 

�̇�
𝑠 =

𝐶𝑝
𝑓

𝑈𝑠𝐴𝑤
𝑠

𝐶𝑝
𝑠𝑈𝑓𝐴𝑤

𝑓 �̇�
𝑓

 

  3-19
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3.2.2. Double layer Envelope with PCM 

 

Figure 3-3. The schematic of the single-zone natural ventilation model with PCM. 

Similarly, it is possible to develop the analytical model and conduct the analysis when there is 

PCM in the case.  

The energy balance equation of the indoor air (Ti): 

𝑄𝑖 + �̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖) +
𝐴𝑤

1
ℎ𝑖

+
1
2

𝐿𝑝𝑐𝑚

𝑘𝑝𝑐𝑚

(𝑇𝑝𝑐𝑚 − 𝑇𝑖) = 𝑀𝑖𝐶𝑝

𝑑𝑇𝑖

𝑑𝑡
 

  3-20

 The energy balance of the PCM layer (Tpcm): 

𝐴𝑤

1
2

𝐿𝑝𝑐𝑚

𝑘𝑝𝑐𝑚
+

1
2

𝐿𝑤

𝑘𝑤

(𝑇𝑤 − 𝑇𝑝𝑐𝑚) +
𝐴𝑤

1
ℎ𝑖

+
1
2

𝐿𝑤

𝑘𝑤

(𝑇𝑖 − 𝑇𝑝𝑐𝑚) = 𝑀𝑝𝑐𝑚𝐶𝑝𝑐𝑚

𝑑𝑇𝑝𝑐𝑚

𝑑𝑡
 

  3-21

 The non-PCM wall layer (Tw): 

𝐴𝑤

1
ℎ𝑜

+
1
2

𝐿𝑤

𝑘𝑤

(𝑇𝑜 − 𝑇𝑤) +
𝐴𝑤

1
2

𝐿𝑝𝑐𝑚

𝑘𝑝𝑐𝑚
+

1
2

𝐿𝑤

𝑘𝑤

(𝑇𝑝𝑐𝑚 − 𝑇𝑤) = 𝑀𝑤𝐶𝑝𝑤

𝑑𝑇𝑤

𝑑𝑡
 

  3-22
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Mass flow rate equation [18][59] : 

�̇� = 𝐶𝑑𝐴𝑒√2𝑔𝐻
𝑇𝑜 − 𝑇𝑖

𝑇𝑜
𝜌𝑜 = 𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜√

𝑇𝑜 − 𝑇𝑖

𝑇𝑜
 

  3-23

 

𝐴𝑒 =
𝐴𝑡𝑜𝑝𝐴𝑏𝑜𝑡𝑡𝑜𝑚

√𝐴𝑡𝑜𝑝
2 + 𝐴𝑏𝑜𝑡𝑡𝑜𝑚

2

 

  3-24

 

Combining Eqs. 3-20, 3-21, 3-22: 

𝑄𝑖 + �̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖) +
𝐴𝑤

1
ℎ𝑜

+
1
2

𝐿𝑤

𝑘𝑤

(𝑇𝑜 − 𝑇𝑤) = 𝑀𝑖𝐶𝑝

𝑑𝑇𝑖

𝑑𝑡
+ 𝑀𝑤𝐶𝑝𝑤

𝑑𝑇𝑤

𝑑𝑡
+ 𝑀𝑝𝑐𝑚𝐶𝑝𝑐𝑚

𝑑𝑇𝑝𝑐𝑚

𝑑𝑡

 

  3-25

 

Defining 

1

𝑈
=

1

ℎ𝑜
+

1

2

𝐿𝑤

𝑘𝑤 

  3-26 

Eq. 3-25 can be expressed as the following: 

𝑄𝑖 + �̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖) + 𝑈𝐴𝑤(𝑇𝑜 − 𝑇𝑤) = 𝑀𝑖𝐶𝑝

𝑑𝑇𝑖

𝑑𝑡
+ 𝑀𝑤𝐶𝑝𝑤

𝑑𝑇𝑤

𝑑𝑡
+ 𝑀𝑝𝑐𝑚𝐶𝑝𝑐𝑚

𝑑𝑇𝑝𝑐𝑚

𝑑𝑡  

  3-27
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Dividing Eq. 3-27 by UAw 

𝑄𝑖

𝑈𝐴𝑤
+

�̇�𝐶𝑝

𝑈𝐴𝑤

(𝑇𝑜 − 𝑇𝑖) + (𝑇𝑜 − 𝑇𝑤) =
𝑀𝑖𝐶𝑝

𝑈𝐴𝑤

𝑑𝑇𝑖

𝑑𝑡
+

𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤

𝑑𝑇𝑤

𝑑𝑡
+

𝑀𝑝𝑐𝑚𝐶𝑝𝑐𝑚

𝑈𝐴𝑤

𝑑𝑇𝑝𝑐𝑚

𝑑𝑡
 

  3-28

 

Substituting Eq. 3-23 into Eq. 3-28: 

𝑄𝑖

𝑈𝐴𝑤
+

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜𝐶𝑝

𝑈𝐴𝑤

(𝑇𝑜 − 𝑇𝑖)
3
2

√𝑇𝑜

+ (𝑇𝑜 − 𝑇𝑤)

=
𝑀𝑖𝐶𝑝

𝑈𝐴𝑤

𝑑𝑇𝑖

𝑑𝑡
+

𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤

𝑑𝑇𝑤

𝑑𝑡
+

𝑀𝑝𝑐𝑚𝐶𝑝𝑐𝑚

𝑈𝐴𝑤

𝑑𝑇𝑝𝑐𝑚

𝑑𝑡
 

  3-29 

With same logic of section 3.2.1, defining dimensionless temperature and time as following: 

𝜃𝑜 =
𝑇𝑜

𝑇𝑚𝑎𝑥
 ,  𝜃𝑖 =

𝑇𝑖

𝑇𝑚𝑎𝑥
 ,  𝜃𝑤 =

𝑇𝑤

𝑇𝑚𝑎𝑥
 ,  𝜃𝑝𝑐𝑚 =

𝑇𝑝𝑐𝑚

𝑇𝑚𝑎𝑥
 ,  �̂� =

𝑡

𝜏
 

All of the dimensionless temperature and time are the same, furthermore, an additional 

dimensionless temperature of PCM is defined. 

Eq. 3-29 can be rewritten as: 

𝑄𝑖

𝑈𝐴𝑤
+

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜𝐶𝑝

𝑈𝐴𝑤

(𝜃𝑜𝑇𝑚𝑎𝑥 − 𝜃𝑖𝑇𝑚𝑎𝑥)
3
2

√𝜃𝑜𝑇𝑚𝑎𝑥

+ (𝜃𝑜𝑇𝑚𝑎𝑥 − 𝜃𝑤𝑇𝑚𝑎𝑥)

=
𝑀𝑖𝐶𝑝

𝑈𝐴𝑤

𝑑(𝜃𝑖𝑇𝑚𝑎𝑥)

𝑑(�̂�𝜏)
+

𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤

𝑑(𝜃𝑤𝑇𝑚𝑎𝑥)

𝑑(�̂�𝜏)
+

𝑀𝑝𝑐𝑚𝐶𝑝𝑐𝑚

𝑈𝐴𝑤

𝑑(𝜃𝑝𝑐𝑚𝑇𝑚𝑎𝑥)

𝑑(�̂�𝜏)
 

  3-30 
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Dividing Eq. 3-30 by Tmax: 

𝑄𝑖

𝑈𝐴𝑤𝑇𝑚𝑎𝑥
+

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜𝐶𝑝

𝑈𝐴𝑤

(𝜃𝑜 − 𝜃𝑖)
3
2

√𝜃𝑜

+ (𝜃𝑜 − 𝜃𝑤)

=
𝑀𝑖𝐶𝑝

𝑈𝐴𝑤𝜏
𝑑𝜃𝑖

𝑑�̂�
+

𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤𝜏
𝑑𝜃𝑤

𝑑�̂�
+

𝑀𝑝𝑐𝑚𝐶𝑝𝑐𝑚

𝑈𝐴𝑤𝜏

𝑑𝜃𝑝𝑐𝑚

𝑑�̂�
 

  3-31 

Defining dimensionless numbers as following: 

 Π1 =
𝑄𝑖

𝑈𝐴𝑤𝑇𝑚𝑎𝑥
 , Π2 =

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜𝐶𝑝

𝑈𝐴𝑤
 , Π3 =

𝑀𝑖𝐶𝑝

𝑈𝐴𝑤𝜏
 , 

 Π4 =
𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤𝜏
 , Π5 =

𝑀𝑝𝑐𝑚𝐶𝑝𝑐𝑚

𝑈𝐴𝑤𝜏
 

Therefore, Eq. 3-31 in the dimensionless form is: 

Π1 + Π2

(𝜃𝑜 − 𝜃𝑖)
3

2

√𝜃𝑜

+ (𝜃𝑜 − 𝜃𝑤) = Π3

𝑑𝜃𝑖

𝑑�̂�
+ Π4

𝑑𝜃𝑤

𝑑�̂�
+ Π5

𝑑𝜃𝑝𝑐𝑚

𝑑�̂�
 

  3-32

 

With the purpose of conserving dimensionless temperature and time, dimensionless numbers (П) 

must be conserved between sub-scale and full-scale model correspondingly. 

Mass flow rate Eq. 3-23 can be transferred into dimensionless form: 

�̇�

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜

= √
𝑇𝑜 − 𝑇𝑖

𝑇𝑜
 

  3-33 
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Defining dimensionless number as follow: 

Π6 =
�̇�

𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌
𝑜

 

Compared with Section 3.2.1, all the dimensionless numbers are same to single-layer envelope 

dimensional analysis. П5 is additional dimensionless number for PCM. 

To conserve the similarities between the sub-scale and the full-scale models:  

Π1
𝑠 = Π1

𝑓

 

𝑄𝑖
𝑠 =

𝑈𝑠𝐴𝑤
𝑠 𝑇𝑚𝑎𝑥

𝑠

𝑈𝑓𝐴𝑤
𝑓

𝑇𝑚𝑎𝑥
𝑓 𝑄𝑖

𝑓

 

  3-34

 

Π2
𝑠 = Π2

𝑓

 

 𝐴𝑒
𝑠 =

𝐶𝑑
𝑓

𝜌𝑜
𝑓𝐶𝑝

𝑓√𝐻𝑓𝑈𝑠𝐴𝑤
𝑠

𝐶𝑑
𝑠𝜌𝑜

𝑠 𝐶𝑝
𝑠√𝐻𝑠𝑈𝑓𝐴𝑤

𝑓 𝐴𝑒
𝑓

 

  3-35

 Π3
𝑠 = Π3

𝑓

 

𝜏𝑖
𝑠 =

𝑀𝑖
𝑠𝐶𝑝

𝑠𝑈𝑓𝐴𝑤
𝑓

𝑀𝑖
𝑓

𝐶𝑝
𝑓

𝑈𝑠𝐴𝑤
𝑠

𝜏𝑖
𝑓

 

  3-36
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Π4
𝑠 = Π4

𝑓

 

𝜏𝑤
𝑠 =

𝑀𝑤
𝑠 𝐶𝑝𝑤

𝑠 𝑈𝑓𝐴𝑤
𝑓

𝑀𝑤
𝑓

𝐶𝑝𝑤
𝑓

𝑈𝑠𝐴𝑤
𝑠

𝜏𝑤
𝑓

 

  3-37

 Π5
𝑠 = Π5

𝑓

 

𝜏𝑝𝑐𝑚
𝑠 =

𝑀𝑝𝑐𝑚
𝑠 𝐶𝑝𝑐𝑚

𝑠 𝑈𝑓𝐴𝑤
𝑓

𝑀𝑝𝑐𝑚
𝑓

𝐶𝑝𝑐𝑚
𝑓

𝑈𝑠𝐴𝑤
𝑠

𝜏𝑝𝑐𝑚
𝑓

 

  3-38 

Π6
𝑠 = Π6

𝑓

 

Submitting equation 3-35 to П6 

 �̇�𝑠 =
𝐶𝑑

𝑓
𝜌𝑜

𝑓
𝐶𝑝

𝑓√𝐻𝑓𝑈𝑠𝐴𝑤
𝑠

𝐶𝑑
𝑠𝜌𝑜

𝑠 𝐶𝑝
𝑠√𝐻𝑠𝑈𝑓𝐴𝑤

𝑓

𝐶𝑑
𝑠𝜌𝑜

𝑠 √𝐻𝑠

𝐶𝑑
𝑓

𝜌𝑜
𝑓√𝐻𝑓

�̇�𝑓 =
𝐶𝑝

𝑓
𝑈𝑠𝐴𝑤

𝑠

𝐶𝑝
𝑠𝑈𝑓𝐴𝑤

𝑓 �̇�𝑓 
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For the mechanical, ṁ was determined by the mechanical fan. It should follow the same scaling as 

Eq. 3-39: 

�̇�
𝑠 =

𝐶𝑝
𝑓

𝑈𝑠𝐴𝑤
𝑠

𝐶𝑝
𝑠𝑈𝑓𝐴𝑤

𝑓 �̇�
𝑓
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3.2.3. Discussions of Dimensionless Numbers 

For the conduction heat transfer in envelope, П1 is defined as dimensionless heat transfer 

coefficient. 

Π1 =
𝑄𝑖

𝑈𝐴𝑤𝑇𝑚𝑎𝑥
 

  3-41 

For a typical dimensional analysis in thermal airflow, Stanton and Grashof numbers are used 

widely: 

St =
ℎ

𝜌𝑢𝐶𝑝
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Gr =
𝑔𝛽(𝑇𝑠 − 𝑇0)𝐿3

𝜈2
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П2 is a transformed parameter to consider both Stanton and Grashof dimensionless numbers: 

Π2 =
𝐶𝑑𝐴𝑒√2𝑔𝐻𝜌𝑜𝐶𝑝

𝑈𝐴𝑤
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For a typical transient state dimensional analysis, Fourier number is one of the most significant 

parameters to characterize the freezing and melting process [60]:  
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Fo =
𝑘𝑡

𝐶𝑝𝜌𝐿2
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The time dimensionless number depending on dimensional analysis above: 

Π3 =
𝑀𝑖𝐶𝑝

𝑈𝐴𝑤𝜏
 , Π4 =

𝑀𝑤𝐶𝑝𝑤

𝑈𝐴𝑤𝜏
 , Π5 =

𝑀𝑝𝑐𝑚𝐶𝑝𝑐𝑚

𝑈𝐴𝑤𝜏
 

Compared with the Fourier Number, defined new time dimensionless number is a transformed 

parameter to consider the total heat transfer of envelope instead of only thermal conductivity in 

the envelope. Therefore, it considers both conduction and convection, which is more appropriate 

in multi-zone simulation model.  

When the sub-scale and the full-scale model have the same wall materials, e.g. the same PCM 

envelopes are used, the time scaling becomes: 

For the indoor air: 

𝜏𝑖
𝑠

𝜏𝑖
𝑓 =

𝑀𝑖
𝑠𝐶𝑝

𝑠𝑈𝑓𝐴𝑤
𝑓

𝑀𝑖
𝑓

𝐶𝑝
𝑓

𝑈𝑠𝐴𝑤
𝑠

=
𝑈𝑓𝐿𝑤

𝑠

𝑈𝑠𝐿𝑤
𝑓
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For the PCM layer:  

𝜏𝑝𝑐𝑚
𝑠

𝜏𝑝𝑐𝑚
𝑓 =

𝑀𝑝𝑐𝑚
𝑠 𝐶𝑝𝑐𝑚

𝑠 𝑈𝑓𝐴𝑤
𝑓

𝑀𝑝𝑐𝑚
𝑓

𝐶𝑝𝑐𝑚
𝑓

𝑈𝑠𝐴𝑤
𝑠

=
𝑈𝑓𝐿𝑤

𝑠

𝑈𝑠𝐿𝑤
𝑓 =

𝜏𝑖
𝑠

𝜏𝑖
𝑓
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For the non-PCM wall layer: 

Therefore, the wall time scaling is the same as that of the indoor air. On the other hand, it is 

common to use different materials of the walls in the sub-scale model from the full-scale ones. For 

example, the sub-scale is made from acrylic glasses to model a full-scale concrete building. Then, 

the time scaling for the non-PCM wall will be different from that of the indoor air. 

The non-PCM wall time scaling:  

𝜏𝑤
𝑠

𝜏𝑤
𝑓 =

𝑀𝑤
𝑠 𝐶𝑝𝑤

𝑠 𝑈𝑓𝐴𝑤
𝑓

𝑀𝑤
𝑓

𝐶𝑝𝑤
𝑓

𝑈𝑠𝐴𝑤
𝑠

=
𝜌𝑤

𝑠 𝐶𝑝𝑤
𝑠 𝐿𝑤

𝑠 𝑈𝑓

𝜌𝑤
𝑓

𝐶𝑝𝑤
𝑓

𝐿𝑤
𝑓

𝑈𝑠
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3.2.4. Experiment Parameter Settings 

Based on the scaling law presented earlier, Table 3-2 shows the Atrium Test input and output with 

sub-scale and full-size models. It also shows the sources of the parameters and boundary conditions.  

Table 3-2. Summary of the parameter settings in the 1:50 naturally ventilated single-zone 

building. 

 Sub-scale Source Full-scale Source 

Q (W) 5 
Calculated by  

Scaling Law 
10424 Input 

τ 5400 s 
Calculated by 

Scaling Law 
5 days Input 

Aopening (m
2) 0.001125 Input 1.55 

Calculated by 

Scaling Law 

Cd 3 
Calibration by  

Experiment 
0.64 

Calculated by 

Scaling Law 

Air and Slab T (°C) Output 

Measurement or 

Calculated by 

simulation 

Output 
Calculated by 

Simulation 

ṁ (kg/s) Output 
Calculated by 

simulation 
Output 

Calculated by 

simulation 

 

Similarly, Table 3-3 shows the High-Rise Building Test input and output, however, it assumes 

there is no heat source in the hybrid ventilation space and all heat is coming from envelope heat 

transfer from connected office space (set-point temperature 21 °C). 
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Table 3-3. Summary of the parameter settings of the 1:100 hybrid-ventilated high-rise building 

model. 

 Sub-scale Source Full-size Source 

ṁ (kg/s) 0.003ρo 
Calculated by 

Scaling Law 
15ρo Input 

τ 1800 s 
Calculated by 

Scaling Law 
5 days Input 

Aopening (m
2) 0.00014 Input 0.55 

Calculated by 

Scaling Law 

Cd 3 
Calibration by 

Experiment 
0.4 

Actual 

Measurement 

Air and Slab T (°C) Output 

Measurement 

or 

Calculated by 

simulation 

Output 
Calculated by 

simulation 

 

Discharge coefficients in both cases were calibrated by sub-scale experiments, which were 

assumed to be 0.65 in the real building case and will be calculated in a range of 0.5 to 1.0. However, 

the sub-scale model is different from the real-size building due to the reduction of geometry scale. 

Research [61] calibrated a discharge coefficient in natural ventilation of the sub-scale shaft as 

2.187, therefore, in the sub-scale model, the discharge coefficient became extremely large because 

of the small opening.  

Due to accuracy of anemometer, it is impossible to measure airflow velocity and airflow rate in 

sub-scale model in which velocity and airflow rate become extremely small. 
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3.3. Experimental Design and Setup 

3.3.1. Natural Ventilation in a Single-Zone Space 

The main concept underlying the naturally ventilated single-zone case was to create a 1:50-scale 

model with an internal heat source and two natural ventilation openings, which could be considered 

to represent a typical large open space, such as an atrium [57][62]. In this study, the sub-scale 

model was 200 mm (length) × 100 mm (width) × 200 mm (height) with different wall materials to 

be tested, including the 3D-printed material PLA, acrylic glasses, and PCM. The material 

properties are illustrated in Table 3-4.  

 

Figure 3-4. Schematics of the 1:50-scale naturally ventilated building model. 
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Figure 3-5. Schematics of the atrium sub-scale model on one side opening. 

 

Figure 3-6. Schematics of thermocouple locations in the interior space. 

Table 3-4. Properties of model materials. 

 
k ρ C 

 
W/m·K kg/m3 J/kg·K 

PLA 0.25 1150 1700 3D print Material 

Air 0.0257 1.2 1005 3D print Material 

Acrylic 0.189 1190 1500  

PCM [17][63] 0.18–0.22 855.5 
2500 

(average) 

Latent heat (18–

24 °C) 70,000 J/kg 
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Each 3D-printed wall section was 14.1 mm thick, including the PLA materials, with 2.1 mm on 

each side of the wall and the 12.1-mm-thick interior net-structures filled with air (i.e., the air layer). 

There were four 3D-printed sections to the sub-scale model: the left and right walls, the ceiling, 

and the floor. The front and back walls were made from 11-mm acrylic glass, as shown in Figures 

3-4 and 3-5. The acrylic wall sections allowed for particle image velocimetry (PIV) measurements 

and observations. A constant 5-W heater was buried in the middle of the floor. The two wall 

openings were both 15 mm × 75 mm. For internal air temperature measurements, five 

thermocouples were installed at locations indicated in Figure 3-6, and readings were later averaged 

to obtain the air temperature. The wall temperatures were measured by two thermocouples attached 

on both sides of each wall. 

3D printing technology can reduce fabrication time of experiment model, simultaneously, it also 

can increase experiment model complexity. Traditionally, complicated model has to be fabricated 

by mold, however, 3D printing saves the time and cost of mold making. Therefore, 3D printing 

becomes preferred fabrication technology of experiment model. 

The single-zone model was placed inside an environmental chamber to simulate ambient 

temperature variations. The environmental chamber was equipped with a mechanical system of 

the ESPEC SCP-22 temperature and humidity chamber walk-in series, which controlled the 

temperature by multiple steps with straight-line changing. Thus, actual ambient temperature 

variations could be simulated when the time step was small enough. For this study, the ambient 
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temperature was taken from real weather data recorded between June 4, 2017, and June 8, 2017, 

measured locally by a weather station placed at the top of the Concordia University EV Building, 

Montreal, QC, Canada (more details can be found in Appendix 8). When time-scaled, the five-day 

ambient temperature data record corresponded to a total of 5,400 seconds for the sub-scale model 

(Table 3-2).  

The first series of tests were conducted using walls without the PCM installed. The second series 

measured the impact of installing a 5.2-mm-thick PCM floor section placed on the top of the 3D-

printed PLA section to form a two-layer floor section. Two thermocouples were installed on each 

side of the PCM layer.  
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3.3.2. Hybrid Ventilation in a Sub-scale Model of a Highrise Building 

The full-scale high-rise building of interest is the Concordia University EV Building, which is 

equipped with a whole-building hybrid ventilation system (Figure 3-7). The building includes 16 

floors above the ground and two underground floors. Above the 16th floor are several mechanical 

rooms. Starting at the second floor, each group of three floors is connected by a central, three-story 

atrium onto which all corridors open. Each three-story atrium is, in turn, connected to the one 

above it via a set of dampers.  

 

Figure 3-7. Hybrid ventilation system in the EV Building [9]. 

In the ceiling of the top atrium, there is an auxiliary exhaust fan, the airflow through which is 

commonly measured at 18.117 m3/s. The operation strategy is based on the outside temperature. 

The dampers at the end of each corridor and the rooftop fan are triggered when the outside 
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temperature falls within the range of 15 °C to 22 °C. Because there are sensitive experimental 

devices located on the top three floors of the building, however, the dampers on those floors do 

not open. The sub-scale model experiment replicated these conditions. The operational 

temperature, however, was decreased from 15 °C to 9 °C during the night to aid in space cooling 

during the following day [9].  

The sub-scale model (1:100) was built of 3.2-mm-thick acrylic plastic sheet having properties 

shown in Table 3-4. A central processing unit (CPU) fan served as the model’s exhaust fan. The 

model was separated into two zones—a ventilation zone with atrium and corridor, and a sealed 

office zone with heater. The ventilation zone followed the space pattern of the full-size building, 

while the office zone was simplified into several lumped spaces. For the free-cooling mode, office 

zones were kept at a constant temperature of 22 °C for the boundary condition by the heater [9]. 

The sub-scale model is shown in Figure 3-8. 
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Figure 3-8. Sub-scale EV Building model. 

The EV Building model was put into the environmental chamber to simulate the weather 

conditions from June 4, 2017, to June 8, 2017. The sub-scale model test time was 360 s, which 

was calculated from 1 real day using the scaling law (Table 3-3). The exhaust CPU fan was 

installed on the top of the atrium, and airflow rate was measured at 0.003 m3/s. The corresponding 

full-size airflow rate would have been 15 m3/s, which was very similar to real-life data. The 

corridor dampers were opened on one side of the third floor and on both sides from the fourth floor 

to 13th floor. Five thermocouples were installed in the center of each atrium space to record the 

local temperature in the model. 
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Figure 3-9. Top view of EV Building sub-scale model. 

The first case study (Ex s.3) was baseline, which ran for 360 s to model 1 day. One piece of PCM 

(80 mm × 80 mm × 5.2 mm) was then inserted on each atrium floor, covering the floor area to the 

edge of the damper openings. Test Ex s.4 was then performed under the same conditions used for 

Ex s.3. Both sides of the plastic floors and the additional PCM floor inserts in each atrium had 

thermocouples attached to record the surface floor temperature to estimate the thermal mass 

average temperature. The EV Building sub-scale model is shown in Figure 3-10. The yellow 

rectangle shows the shaft of the five atriums, and the blue rectangles show the locations of the 

PCM floor panels. Red points indicate the thermocouple locations. 
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Figure 3-10. Atrium zones of EV Building. 

3.3.3. Table of Experiment Case Names and Main Setup  

Table 3-5. Experiment case names and main setup. 

Case Name Space Type Ventilation Type Floor Type 

Ex s.1 Atrium Natural Without PCM 

Ex s.2 Atrium Natural With PCM 

Ex s.3 High-Rise Building Hybrid Without PCM 

Ex s.4 High-Rise Building Hybrid With PCM 



63 

 

3.4. Multizone Numerical Simulation Model 

3.4.1. Numerical Simulation Model Equations 

In the multizone network simulation model, temperature and pressure distribution was assumed to 

be well-mixed as a homogeneous state in each control volume. The mass and energy balance 

equations are presented in this section. 

Mass balance equation: 

∑ �̇�𝑧𝑖

𝑁𝑧𝑜𝑛𝑒𝑠

𝑧=1

+ 𝑆𝑖 =
𝑑𝑀𝑖

𝑑𝑡
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The equation shows the summing of airflow rate between zones z and the interior air of object zone 

i, and the sources and sinks of air are blown in and out of zone i. 

Energy balance equation: 

1.Zone air. 

𝑀𝑖𝐶𝑝

𝑑𝑇𝑖

𝑑𝑡
= ∑ �̇�𝑧𝑖𝐶𝑝(𝑇𝑧 − 𝑇𝑖)

𝑁𝑧𝑜𝑛𝑒𝑠

𝑧=1

+ ∑ ℎ𝑤𝐴𝑤(𝑇𝑠 − 𝑇𝑖)

𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝑤=1

+ 𝑄𝑖 
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2.Transient heat conduction in envelopes. 

𝑀𝑤𝐶𝑝𝑤

𝑑𝑇𝑤

𝑑𝑡
= 𝑈𝑤𝐴𝑤(𝑇𝑖 − 𝑇𝑜) 
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𝑈𝑤 =
1

1
ℎ𝑖

+
𝐿𝑤

𝑘𝑤
+

1
ℎ𝑜
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The thermal mass of each envelope was divided into five layers with same thickness for the 

simulation model. The PCM’s various capacities were defined using the manufacturer’s 

information (Appendix 1). 

Interior node connection equation: 

�̇�𝑧𝑖 = 𝐶(∆𝑃𝑧𝑖)
𝑛 
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Pressure difference through each connection: 

∆𝑃𝑧𝑖 = (𝑃𝑧 − 𝜌𝑧𝑔𝐻𝑧) − (𝑃𝑖 − 𝜌𝑖 𝑔𝐻𝑖) +
𝜌𝑧 + 𝜌𝑖

2
𝑔(𝑍𝑧 + 𝐻𝑧 − 𝑍𝑖 − 𝐻𝑖) + 𝑃𝑧𝑖,𝑤𝑖𝑛𝑑  
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Orifice equation: 

�̇� = 𝐶𝑑𝐴𝑜𝑝𝑒𝑛√2𝜌∆𝑃 

  3-55 
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3.4.2. Numerical Simulation Model  

The atrium simulation model, illustrated in Figure 3-11, was built as a single-zone model with two 

openings on the top and bottom in the transient state. The model was heated by a heat source in 

the middle of the floor. Building material information was introduced in section 3.3.1. above. 

 

 

Figure 3-11. Atrium simulation model. 

The building model is illustrated in Figures 3-12 and 3-13. Model fabric information was 

introduced in section 3.3.2. The EV Building was built as a multizone model with hybrid 

ventilation, with an exhaust fan located on the top of atriums. Airflow path is illustrated in Figure 

3-13. 
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Figure 3-12. Airflow concept in vertical view. 

 

 

Figure 3-13. Airflow path in top view. 

Due to simulation uncertainty, validation is indispensable, i.e., the numerical simulation model 

accuracy cannot be guaranteed without validation. Validation is a way to bridge the gap between 

computational simulation data and experiments data, furthermore, simulation data validated will 

be more convincing. 
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 Chapter 4 Natural Ventilation in Atrium 

4.1. Simulations Validation of Atrium 

The atrium sub-scale experiment model was built in the environmental room, which simulated 

temperature variation using outdoor weather data. The experiments did not consider wind or solar 

irradiation.  

 

Figure 4-1. Measured air temperature and average air temperature in Ex s.1. 

Figure 4-1 shows measured air temperature in five locations and average air temperature at those 

five points. Air temperature near the top opening was much higher than in other locations, and air 

temperature near the bottom opening was much lower than in other locations. Air stratification 

was obvious, with an 8-°C difference between top and bottom. Furthermore, each location’s 
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temperature fluctuated within a range of 6 °C, except for air temperature at the bottom left (grey 

line). Air temperature near the bottom opening had the greatest variation, depending on airflow 

from outside within a range of 8 °C. 

 

Figure 4-2. Measured air temperature and average air temperature in Ex s.2. 

Figure 4-2 shows air temperature of Ex s.2, however, air temperature near the bottom opening was 

close to the air temperature in middle compared with Ex s.1. Air temperature near the top opening 

was higher than air temperature measured at other locations. It is supposed that the decrease in air 

stratification between top and bottom (within a 3-°C difference) was an effect of the PCM.  

In terms of air stratification, in both cases average air temperature across five locations was close 

to the air temperature measured in the middle. Therefore, the middle air temperature was used as 

average temperature in the thermal zone to reduce the number of sensors. 
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Ex s.1 was the baseline for the atrium test, the prototype of which was the whole concrete 

fabrication, and the sub-scale model was built with 3D-printed materials and acrylic sheets. 

Therefore, dimensionless numbers were calculated by average thermal conduction and capacity in 

the sub-scale model. The fabrication information of Ex s.2 was the same for Ex s.1, however, a 

PCM sheet was inserted as a layer between baseline floor and atrium air. 

Before verifying dimensional analysis by simulation model, the simulation model must be 

calibrated and validated by sub-scale experimental model. The discharge coefficient for the sub-

scale model was unknown; therefore, it was calibrated from air temperature in Ex s.1, and the same 

discharge coefficient was used for other experiments. Slabs of wall and floor also were validated 

in Figure 4-3 (Ex s.1) and Figure 4-4 (Ex s.2). 

 

Figure 4-3. Validation of Ex s.1 (baseline without PCM). 
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Figure 4-4. Validation of Ex s.2 (with PCM floor). 

The experiment and simulation air and envelope temperatures were in good agreement, with CV 

(root-mean-square error) (RMSE) less than 4% in total. However, with deficiency of simulation 

model coding, initial thermal mass temperature was calculated by the average temperature between 

adjacent thermal zones, therefore, error is larger in initial temperature of thermal mass. 

Clearly, the floor simulation error can be expected to be better than those for the air and wall—

within 1.6%. Meanwhile, Ex s.2 simulation results showed differences for air and floor that were 

larger than those in Ex s.1 It was supposed that this was because the PCM simulation required 

more assumptions and approximations, which can decrease accuracy in simulations. 

Using the validated simulation model, it was possible to build a full-size model to compare with 

the sub-scale simulation model and verify the dimensionless number for dimensional analysis. An 
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analytical model was built based on the same equation used in the simulation models, therefore, it 

was a good verification of both sub-scale and full-size models. However, the full-size simulation 

model was not calibrated and validated by full-size experiment and measurement. 
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4.2. Results and Discussion 

Temperature profiles of cases are compared in Figures 4-5 and 4-6 by dimensionless temperature 

(θ) and dimensionless time (�̂�). The scaling law considers heat transfer between the thermal zone 

and the outdoor environment in the transient state. Results of the sub-scale simulation and full-size 

simulation were similar, with CV (RMSE) of less than 2.1% in total. 

 

Figure 4-5. Dimensionless comparison of simulation results in Ex s.1. 

Figure 4-5 compares sub-scale and full-size simulation results of baseline average temperature in 

air, wall and floor, with differences between 1.7% and 2%. The difference for wall temperature 

(1.97%) was larger than those for air (1.71%) and floor (1.75%). With variation of the outdoor 

temperature, air and wall temperature were affected more than floor, however, a larger fluctuation 

had no impact on similarity. 
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Figure 4-6. Dimensionless comparison of simulation results in Ex s.2. 

Figure 4-6 illustrates the comparison between sub-scale simulation and full-size simulation with 

the PCM floor, with differences from 1.4% to 2.1%. The difference of average wall temperature 

is again larger than those of air and floor, as was seen in Figure 4-5.  

Overall, in the atrium comparison between sub-scale and full-size simulation, there was good 

agreement, with a difference of less than 2.1%. Therefore, dimensionless numbers derived by a 

simplified analytical model can be verified by simulation results. By conserving dimensionless 

temperature between sub-scale and full-size models in the transient state, corresponding energy 

consumption in a full-size building can be calculated from sub-scale experiment results.  

Using dimensionless numbers, the full-size temperature profile can be calculated. Additionally, 

with different setups in Ex s.1 and Ex s.2, the effects of PCM can be quantified. Diurnal 
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temperature variation can improve thermal-mass efficiency by pre-cooling in a natural ventilation 

system. PCM can expand this advantage by increasing thermal capacity and reducing temperature 

fluctuation. 
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4.3. Application 

 

Figure 4-7. Comparison of air temperature between Ex s.1 and Ex s.2. 

Figure 4-7 shows the indoor air temperature variation between Ex s.1 and Ex s.2, which illustrates 

the influence of PCM on air temperatures. Ex s.2 peak temperature was about 2 °C lower than that 

in Ex s.1. Furthermore, real-time temperature was also less under the same boundary condition. 

Clearly, Ex s.2 showed PCM was effective in reducing fluctuations of indoor air temperature when 

natural ventilation was performed. Higher thermal capacity also can cut peak-cooling energy 

consumption. 
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Figure 4-8. Comparison of floor temperature between Ex s.1 and Ex s.2. 

Figure 4-8 shows the thermal mass temperature variation in the floors. Clearly, the PCM 

temperature fluctuation was smaller than the others, also affecting the floor that was covered with 

the PCM. The floor temperature variation trend was almost same, however, the temperature of the 

floor in Ex s.2 was lower than that in Ex s.1. Therefore, by influencing the attached envelope and 

thermal air, PCM can charge and discharge more thermal energy, while also reducing temperature 

variation to reduce discomfort for occupants. 

The daily results of thermal charge and discharge in different floors are presented in Figure 4-9, 
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in these five days, however, it decreased on day 3. Therefore, the discharge difference is higher 

than the charge difference on four of the five days, with 2017/6/6 being the exception. 

 

Figure 4-9. Comparison between Ex s.1 and Ex s.2 in full-size counterparts. 

Thermal charge and discharge had a large difference in value depending on natural ventilation, 

with the lowest value less than 20 kWh and the greatest more than 50 kWh. Therefore, higher 

thermal mass can increase the energy savings of natural ventilation, with natural ventilation 

determining how the thermal mass can be activated. 
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 Chapter 5 Hybrid Ventilation in High-Rise Building 

5.1. Simulations Validation of Multizone Modeling in EV Building 

The EV Building was tested under the same weather conditions as the atrium. Results of sub-scale 

simulation of the five atriums in the EV Building were validated by sub-scale experiments. Table 

5-1 shows the difference of air and floor temperature in CV (RMSE) between sub-scale 

experiments and simulations. The discharge coefficient was used in the same number of Ex s.1. 

Zone 1 to zone 5 were arranged from the second floor to the 16th floor, with each zone including 

three floors and their integrated atrium in the middle of building. Zone 1 included floors 2 to 4, 

and openings in floors 2 and 3 were closed, which reflected the conditions in the real building. 

Openings in zone 5 were all closed because of the presence on those floors of a precise-instrument 

laboratory that must avoid strong airflow. 

Table 5-1. CV (RMSE) for air and floor between experiment and sub-scale simulation. 

CV (RMSE) Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

Air 

Ex s.3 3.16% 2.10% 2.84% 7.06% 3.44% 

Ex s.4 2.53% 2.31% 3.68% 6.58% 3.28% 

Floor 

Ex s.3 5.90% 4.50% 5.23% 4.90% 4.80% 

Ex s.4 7.51% 7.58% 7.18% 1.83% 2.93% 
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In validation results, the difference for zone 4 air temperatures was larger than those in the other 

zones. Conversely, the difference for zone 4 floor temperatures was among the smallest. The range 

of differences is from 1.83% to 7.58%, which is greater than the range of differences for the atrium 

simulation in the single-zone model. This shows that simulation models are less accurate for more 

complicated models. 

Overall, in zone 1 to zone 3, the difference for floor temperatures was greater than those for air temperatures. 

Conversely, in zone 4 and zone 5 the difference for floor temperatures was better than those for air 

temperature. It is supposed that the higher airflow rate in zone 4 and zone 5 may have increased the 

complexity of variation in air temperature. 
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5.2. Results and Discussion 

Dimensional analysis was built on a simplified single-zone model. This section discusses 

application of those dimensionless number to a more complicated model. Time and fan flow rate 

were scaled by dimensionless numbers, and dimensionless temperature (θ) and dimensionless time 

(�̂�) were conserved for comparison between sub-scale and full-size simulation models. 

The comparison between sub-scale and full-size simulation results are shown in Figure 5-1 through 

Figure 5-20. Ex s.3 (Figure 5-1 to Figure 5-10) is the baseline experiment case without the PCM, 

and Ex s.4 (Figure 5-11 to Figure 5-20) is the case with PCM installed in the atriums. Air 

temperature and floor slab temperature are compared in both cases with dimensionless temperature 

and time. In figure legends, “S” represents the sub-scale simulation and “F” is the full-size 

simulation. Thermal zones are numbered 1 to 5 from bottom to top. 

 

Figure 5-1. Comparison in zone 1 of Ex s.3 air. 
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Figure 5-2. Comparison in zone 2 of Ex s.3 air. 

 

Figure 5-3. Comparison in zone 3 of Ex s.3 air. 

 

Figure 5-4. Comparison in zone 4 of Ex s.3 air. 
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Figure 5-5. Comparison in zone 5 of Ex s.3 air. 

Figures 5-1 to 5-5 show comparisons of air temperature between sub-scale and full-size 

simulations in Ex s.3 as a baseline. From zone 1 to zone 3, air temperatures in the full-size 

simulation fluctuates more widely and were lower than those in the sub-scale simulation. 

Conversely, zone 4 air temperature in the full-size simulation was higher than that in the sub-scale 

simulation. Zone 5 air temperatures for sub-scale and full-size simulations were very similar, 

because corridor openings were closed in this thermal zone. 

 

Figure 5-6. Comparison in zone 1 of Ex s.3 floor. 
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Figure 5-7. Comparison in zone 2 of Ex s.3 floor. 

 

Figure 5-8. Comparison in zone 3 of Ex s.3 floor. 

 

Figure 5-9. Comparison in zone 4 of Ex s.3 floor. 
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Figure 5-10. Comparison in zone 5 of Ex s.3 floor. 

Figures 5-6 to 5-10 illustrate temperature variation in floor slabs. Because of the thermal-mass 

effect, floor slab temperatures changed only within a small range of from 0.8 to 0.9 on the 

dimensionless temperature scale. Correspondingly, differences for floor slab temperatures were 

similar to those for air temperatures from zone 1 to zone 3. Zone 5 floor slab temperatures for sub-

scale and full-size simulations were also very similar. 

 

Figure 5-11. Comparison in zone 1 Ex s.4 air. 
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Figure 5-12. Comparison in zone 2 Ex s.4 air. 

 

Figure 5-13. Comparison in zone 3 Ex s.4 air. 

 

Figure 5-14. Comparison in zone 4 Ex s.4 air. 
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Figure 5-15. Comparison in zone 5 Ex s.4 air. 

Figures 5-11 to 5-15 show dimensionless air temperature differences between sub-scale and full-

size simulations in Ex s.4 with a PCM floor in each atrium. The similarity was comparable to that 

seen for Ex s.3, because airflow was controlled by a mechanical fan, which had a certain fan 

flowrate. With hybrid ventilation, however, which included mechanical ventilation and natural 

ventilation, maintaining a steady airflow was more difficult. Comparing air temperatures, there 

was no obvious difference between sub-scale and full-size results.  

 

Figure 5-16. Comparison in zone 1 of Ex s.4 floor. 
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Figure 5-17. Comparison in zone 2 of Ex s.4 floor. 

 

Figure 5-18. Comparison in zone 3 of Ex s.4 floor. 

 

Figure 5-19. Comparison in zone 4 of Ex s.4 floor. 
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Figure 5-20. Comparison in zone 5 of Ex s.4 floor. 

Figures 5-16 to 5-20 show comparisons of PCM floor temperatures between sub-scale and full-

size simulations for Ex s.4. Compared with Ex s.3, the temperature fluctuation for each floor is 

smoother. However, the temperature differences in zone 1 to zone 3 were larger than those for 

zone 4 and zone 5, and it is supposed that those differences were the result of air temperature 

differences. 

Overall, there were larger differences in a range of 0.1 dimensionless temperature units between 

sub-scale and full-size simulation results for both air and floor slab items for Ex s.4. Dimensionless 

temperature differences for air in zone 4 were also large, however, the corresponding floor slab 

temperature has a smaller CV (RMSE) difference. 
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Table 5-2. CV (RMSE) for air and floor between sub-scale and full-size simulation. 

CV (RMSE) Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

Ex s.3 air 5.22% 5.75% 3.69% 4.91% 0.64% 

Ex s.4 air 5.80% 6.52% 4.32% 5.00% 0.49% 

Ex s.3 floor 2.37% 4.22% 3.96% 0.90% 0.88% 

Ex s.4 floor 2.28% 4.82% 5.08% 1.76% 0.51% 

 

Table 5-2 introduces CV (RMSE) differences between sub-scale and full-size simulation results 

in both air and floor slabs. Zone 5 has the best similarity, with both air and floor slab differences 

of less than 1%. Roughly speaking, air differences were larger than floor slab differences, which may have 

been a result of distorted airflow between the sub-scale and full-size models. Overall, differences from 0.49% 

to 6.52% can be seen as good agreement of the scaling law to verify the dimensionless numbers.  
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5.3. Application 

 

Figure 5-21. Comparison between Ex s.3 and Ex s.4 in full-size counterpart. 

Figure 5-21 illustrates total thermal charge and discharge in each zone, which was calculated from 

sub-scale model experiment results through conserving dimensionless temperature and time. The 

differences between Ex s.3 (baseline) and Ex s.4 (PCM) are also introduced. PCM in hybrid 

ventilation had a much higher percentage increase in thermal charge and discharge than it did 

under natural ventilation, because mechanical fan can increase more airflow, resulting in greater 

heat exchange. 

Comparing Ex s.3 and Ex s.4 shows that the PCM increased thermal charge and discharge efficiency more 

than 100%, and that at best this improvement in efficiency could reach 200%. Comparing this to the average 

50% efficiency improvement that resulted from PCM when it was used with natural ventilation, it becomes 

clear that hybrid ventilation can increase the effectiveness of PCM. 
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 Chapter 6 Conclusion and Future Work 

6.1. Conclusion 

This study considers heat transfer, thermal capacity, and airflow similarity in a transient state 

through dimensional analysis, which includes energy balance and mass flow equations. Depending 

on the dimensionless numbers used, similarity between the sub-scale model and full-size model is 

established. 

Transformation of Fourier numbers can be used to scale down in a transient state. Sub-scale 

modeling not only reduces the geometric scale, but also shortens experiment time by using a 

dimensionless time scale. Five days in full-size measurement can be scaled to 1800 s in a 1:100-

scale model and to 5400 s in a 1:50-scale model, meaning that a one-year test can be completed in 

36.5 h (1:100 scale) or 109.5 h (1:50 scale). 

Dimensionless numbers derived by dimensional analysis are verified for the atrium case simulation 

by comparison between the sub-scale model and full-size model, which show less than a 2% 

difference with a natural ventilation system in a transient state. Not only air temperature but also 

thermal-mass temperature can be scaled by dimensional analysis through the use of dimensionless 

numbers in a transient state with integrated consideration of heat transfer and airflow. 

Dimensionless numbers from the simplified atrium model can be applied to a more complicated 

high-rise building to establish an appropriate sub-scale experiment model. Although in the high-
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rise case the difference between the sub-scale and full-size models increases to about 7%, it has 

difficulties similar to those of building a full-size simulation model of a complicated building. 

The installation of PCM can slow fluctuations of thermal air and can charge and discharge more 

energy for cutting peak energy load. PCM thermal efficiency can be improved by a factor of three 

by using it with a hybrid ventilation system rather than a natural ventilation system, given the 

greater heat exchange that comes with mechanical airflow. 

Sub-scale experiments can be a good way to test a preliminary design that includes complicated 

geometry or difficult-to-determine property inputs for a simulation, such as phase-change process 

properties for a PCM. In an atrium experiment test, average temperature of a space can be 

represented as measured air temperature in the middle of the space. Furthermore, thermal 

stratification of the air can be reduced by the use of PCMs. 
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6.2. Limitations of This Study 

This study focused on sub-scale experiment similarity, however, it has several limitations. 

• Limited weather data are used in the tests. The outside temperature used is too low to open 

the windows if there are occupants in the atriums. Also, there are no separate winter and 

summer tests for similarity verification. 

• Full-size calibration for the discharge coefficient is limited. In the atrium case, the discharge 

coefficient used for full-size is the default number in ASHRAE, which needs to be calibrated 

in a full-size experiment. In the EV Building, the same discharge coefficient is used for each 

opening, while in reality the discharge coefficient would vary depending on differences in 

height and other conditions. 

• Full-size simulation results need to be validated by a full-size experiment or measurement. 

Given differences in conditions between the lab and the real building, a full-size simulation 

model is difficult to validate by real measurement. 

• Wind and solar irradiation are not considered. In a real case, wind and solar irradiation will 

significantly affect ventilation and thermal mass. 

• Lack of multiscale model experiment for justification. The simulation model basically is the 

same equation used for the analytical model, and it can only verify dimensionless numbers. 
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6.3. Recommendations for Future Work 

This study verifies dimensionless numbers in an analytical model to qualify thermal-mass effect 

in natural and hybrid ventilation systems. For future work, a few items can be considered: 

• A multiscale experiment with both the atrium and EV Building experiments to justify the 

method. 

• Investigating more cases to consider winter and summer operation strategies and conditions 

without natural and hybrid ventilation. 

• Developing a theoretical equation in wind and solar cases to discuss similarity in more 

particular conditions. 

• Based on CFD simulations, justifying the scaling law in more cases under different conditions. 

• Investigating the discharge coefficient in openings of different scales. 

• Investigating similarity cases in horizontal space construction such as a tunnel or a large 

factory space. 

• Investigating a sub-scale model experiment for operation strategy decisions or tests such as 

for Model Protective Control (MPC). 
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Appendix 

Appendix 1 PCM thermal capacity 

 

Appendix 2 Experiment data of atrium 
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Appendix 3 Air temperature validation of sub-scale simulation in Ex s.3 
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Appendix 4 Air temperature validation of sub-scale simulation in Ex s.4 
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Appendix 5 Floor slab temperature validation of sub-scale simulation in Ex s.3 
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Appendix 6 Floor slab temperature validation of sub-scale simulation in Ex s.4 
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Appendix 7 Floor charge and discharge in experiments 
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Appendix 8 Ambient Temperature in Montreal. 
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