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Abstract 
 

The effective design and selection of low velocity ventilation concepts requires detailed knowledge of 

the contaminant distribution behavior. A simplifying assumption often made in ventilation engineering 

is that as far as the spreading of gaseous substances is concerned, the bulk air movement and 

turbulent diffusion are the dominant mechanisms of transport while density differences and 

molecular diffusion play minor roles. It can be assumed, however, that in low velocity ventilated areas, 

densities of released gases may have an important impact on their distribution behavior. In this work a 

fundamental experimental design is used to take a step towards a direct comparison of the inertial 

force in the air flow and the buoyancy force resulting from the density differences due to a gas 

release. The study then investigates a case where such density effects may have an important impact 

on the functionality of a displacement ventilation system. 

The most important findings in the fundamental experiment in this thesis is the very perception that 

ignoring the possible density effects of the emitted gases could be a source of erroneous results if the 

velocities are lower than certain limits.      of the main experiments carried out at the velocity levels 

of      ,          and          showed a notable result of the downward density effects of gases 

heavier than air, at least down to a distance of      . This phenomenon occurred even when the 

average inertial force of the air flow was adjusted upwards. At these low velocities the assumption of 

a ‘passive’ gaseous contaminant should be avoided. The non-dimensional group    and the 

methodology applied demonstrated how the dispersion behavior of a heavier gas in air may be 

effectively modeled using a basic dimensional analysis and a specified hypothesis. Also, it was 

concluded that when using model gases to simulate a contaminant, care should be taken to correctly 

adjust the dosage amount for the tracer gas. 

Using a similar methodology, a further study discussed the possible contamination of the lowest fresh 

air reserve in a displacement ventilated room due to the presence of an unheated point source. It was 

clearly observed that the contaminants will not flow into the upper exhaust layer of displacement 

ventilation. The findings were consistent with the previous reports about the uncharacteristic 

behavior of displacement ventilation in the presence of unheated contaminant sources. It was seen 

that the downward motion of gases may result in a local pollution of the fresh air layer which in turn 

could impair the advantage of having a fresh air source for several heat sources in the room. A 

functional relation was sought between the values of the contamination level ( ) in the lowest fresh 

air area underneath the source and the proposed group   resulting from the dimensional study. In    

of the    measurement cases, the correlation was able to predict whether the contamination load in 

the target area assumed a value higher than 1, indicating gas concentrations higher than that of 

exhaust air. The applied methodology with dimensional analysis proved to be a suitable research 

instrument for such studies.  

Given a simulation of the temperature and velocity fields which is accurate enough, an additional 

numerical study was able to reproduce the effect of the downward falling of the emitted gas from the 

unheated point source as measured in the experiments. Qualitatively, the multi-component model 

used in the numerical investigations was able to predict the general downward distribution of a heavy 

gas as well as possible contamination of the fresh air layer. Quantitatively, an over-prediction of the 

amount of this pollution was observed. All in all, the performance of the model which takes the 
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density differences into consideration was considerably better than of a solution model which 

assumes a passive tracer behavior. 

Displacement ventilation’s low velocity flow field leads to a highly non-homogenous spatial 

distribution of contaminants in the room. The area in the vicinity of the emission source demonstrates 

particularly high concentrations and a large part of the room assumes concentrations close to that of 

exhaust concentration. This was observed in the simulations as well as in the experiments. It implies 

that in displacement ventilation there may be a risk of exposure to high concentrations if the occupant 

is in the direct vicinity of the emission source or on the path of its dispersion. Due to the lack of local 

advective transport, high gas concentrations could also occur close to the emission source in cases in 

which the gas density effect is not high enough to result in a direct pollution of the lowest fresh air 

layer. Ideal mixing ventilation, on the other hand, results in a more homogenous spread of the 

contaminants and so may offer a “safer” choice for providing most of the occupants with air quality as 

low as the exhaust air, but not lower. This can gain importance when the contaminant sources are 

predominantly unheated. 
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Nomenclature 
 

Variables and Constants 

   Thermal diffusivity      

   Coefficient of thermal expansion     

   Mass concentration       

   Volumetric gas concentration              

   Diffusion coefficient      

   Diameter of a heated cylinder   

   Index of Ventilation effectiveness   

   Vector of the volumetric body forces      

   Gravitational constant,                  

   Height   

   Diffusion flux           

  Geometrical reference length   

  Geometry factor   

   Dynamic viscosity          

   Global Air Change Rate     

   Kinematic viscosity      

   The pi number,             

   Convective heat transport   

   Pressure      

   Volume flow rate      

   Density       

   Total stress tensor      

 ̇  Increase rate of a species per unit volume           

   Time constant   
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   Temperature   

   Time   

   Volumetric share of a gas    

   Velocity     

   Coordinate   

   Defined Conditional function (Chapter 4)   

   Vertical distance   

 

 

Dimensionless numbers 

    Archimedes number 
      

  
      , also defined as  

  

     

    Grashof number 
    |   |

  
  

   Contamination Load at point p 
 

  
   

    Prandtl number 
 

 
  

   Applied Dimensionless group in Chapter 4                   

    
  

    Applied Dimensionless group in Chapter 4 
    

               

      
  

    Reynolds number 
     

 
  

    Schmidt number 
 

 
  

   Applied Dimensionless group in Chapter 5 
     

     

  
 
  

  
  

    
 

  

     
   

 

 

Superscripts      

   air change efficiency    contaminant 
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Subscripts  

   ambient or virtual heat source    air 

     Material A, Material B    cylinder 

     diffuser or duct    exhaust 

   gas    molecular 

      average       mixture 

   nominal p point 

   room      reference 

   supply    Turbulent 

      total    ventilation 

   distance x   

 

 

Operators 

    ⁄   Material derivative   

    Laplace operator   

    Divergence operator   

   Gradient operator   

   Delta (the difference)   

   Function of   
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Abbreviations 

     Air Change Rate   

     Computational Fluid Dynamics   

     Direct Numerical Simulation   

     Indoor Air Quality   

     Large Eddy Simulation   

     Maximum Allowable Concentration   

     parts per billion   

     parts per million   

      Reynolds-Averaged Navier-Stokes   

     Volatile Organic Compound   
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1 Introduction 
 

1.1 Motivation 
 

The job of a ventilation system is to provide the occupants of an indoor environment with high quality 

air. Due to the ever rising concerns regarding total energy consumption and its environmental effects, 

low velocity ventilation (such as displacement or under-floor supply ventilation) has gained interest 

over the past decades in the field of Indoor Air Quality (IAQ)1.  

Effective design and the selection of low velocity ventilation concepts need detailed knowledge of the 

indoor contaminant distribution behavior. An important part of the contaminants are gaseous or 

vaporous emissions. Some examples are odors, vapors released from solvents, Volatile Organic 

Compounds (VOCs) from building materials or toxic gases in laboratories or in gas storage areas. There 

are certain additional cases in which gases are deliberately introduced into the indoor space for 

inspection reasons. In these cases, detailed information about the parameters governing the gas’s 

distribution behavior is crucial to its successful implementation. 

A simplifying assumption often made in ventilation engineering is that as far as the spreading of 

gaseous material is concerned, bulk air movement and turbulent diffusion are the dominant 

mechanisms of transport, while density differences and molecular diffusion play minor roles (see e.g. 

[1] and [2]). This assumption is often valid in conventional ventilation cases where relatively high 

velocities exist (such as in industrial ventilation or indoor mixing ventilation systems). The reason is 

the presence of the inertial forces in the flow field which are stronger than, for example, the 

buoyancy-driven forces resulting from density differences. It can be assumed, however, that in low 

velocity ventilated areas in which considerably lower air velocities exist [3], densities of released gases 

may have an important impact on their distribution behavior – particularly in the vicinity of the 

source. As far as the influence of the gas density differences is concerned, a fundamental investigation 

of the validity and boundaries of the above-mentioned assumption regarding the dominance of bulk 

air movement seems to be necessary.  

As an example of the possible consequence of such density effects, consider a displacement ventilated 

room. In this ventilation type, thermal plumes transport fresh air from the floor area into the occupied 

zone and the contaminants released inside the plumes upwards, therefore accelerating their removal. 

If the contaminants are not directly part of a heat plume, however, it is possible that the emissions will 

be located outside ‘dominant’ bulk air movements and the effects resulting from their own density 

may have a determining influence on their distribution pattern. The occurrence of such density effects 

may result in a different concentration distribution than that typical for displacement ventilation [4]. 

This introduces the subject of unheated (also referred to as “cold”) contaminant sources in 

displacement ventilation. Cold sources are defined as emission sources which neither produce heat 

nor are directly inside a warm buoyant flow.  

                                                           
1
 According to an article in Nature in 2008, the building sector as a whole is the largest contributor to the CO2 

emissions worldwide. It accounts for up to      of the general energy consumption on the planet [127]. 
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Another applicability area can be found in the effective usage of tracer gases in ventilation inspection 

studies. In many investigations the discharged gas is used as an experimental model for air, and its 

distribution in the environment is assumed to model the distribution of the part of the air flow into 

which the gas is released. However, if the velocity field is such that the gas’s density difference to air 

has a determining influence on its spreading route, it can no longer be assumed anymore that the 

gases are readily following the air movements. It is important to investigate the velocity or gas 

concentration limits beyond which the effects of the density of emitted gases may become a 

determining factor in their distribution behavior. 

 

1.2 Research Objective 
 

In this thesis a fundamental experiment is designed and used as a step towards a direct comparison of 

the inertial force in the air flow and the buoyancy force resulting from density differences following a 

gas release. The objective is to investigate the possible effects of the density of gaseous substances on 

their vertical distribution behavior in a low velocity environment. The study would have consequences 

in the areas in which gases of higher molecular density than air are introduced in regions with a low 

velocity flow field character. The thesis also investigates cases where such density effects may have an 

important impact on the functionality of a displacement ventilation system. 

Today, simulations using commercial software are increasingly applied to study contaminant 

transport. Being able to model the distribution behavior of contaminants in a full-scale geometry as 

well as the convenience of having highly concentrated data are two main advantages of using a 

numerical investigation. Part of this thesis will therefore involve studying an example of unheated 

gaseous contaminant transport in displacement ventilation also using a numerical scheme.  

Certain tools have been used to carry out the research. Conducting a dimensional analysis and building 

corresponding non-dimensional groups for the experiments are the central approach in this work. For 

the numerical investigation commercial Computational Fluid Dynamics software was applied.  

The findings of this study should aid better understanding and prediction of the distribution patterns 

of gaseous contaminants in a low velocity environment and should contribute to a better-performance 

in the usage of model gases in experimental modeling of contaminants. 

 

1.3 Outline of the Thesis 
 

Following the introduction in the first chapter, the thesis consists of the following parts. 

 Chapter 2 includes the fundamentals, equations and basics on the subjects of gas dispersion 

and indoor air quality. Ventilation types, their inspection criteria as well as some preliminary 

analytical estimations are presented in this part. The chapter closes with a further survey of 

the previous studies, focusing on the subject of gaseous contaminant dispersion and the 

effects of their density.  
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 Chapter 3 contains the main methodology and approach used in the thesis. The method 

applied to build non-dimensional groups in the experimental investigations is described in this 

part.  

 Chapter 4 covers the first experimental part of the thesis. It contains a fundamental 

investigation which places the average inertial force of a flow field against the buoyancy-

driven force resulting from the release of a gas of different density in that field. This chapter 

consists of the descriptions of the experiment’s dimensional analysis followed by the results 

and a concluding section.  

 Chapter 5 contains the experiments with emissions from a cold source in a full-scale 

displacement ventilated room. The chapter is a demonstrative example of the methodology 

applied and the possible impacts of gas density effects in a low velocity flow field. 

 Chapter 6 includes the numerical study and describes the methods, results and lessons 

learned from applying the CFD to the problem of the dispersion of unheated gaseous 

emissions from a point source in the displacement ventilated room.  

 The thesis closes with Chapter 7 which contains the concluding remarks of the investigations 

as well as suggestions for possible future work. 
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2 Theoretical Background and the State of Knowledge 
 

2.1 Introduction 
 

This chapter contains a selection of the principles, physics and relevant studies concerning the 

subjects of gas dispersion mechanisms and indoor air quality. It presents the necessary background 

information and establishes a reference point for the applied concepts in the subsequent chapters. 

First, the mechanisms of gas dispersion are introduced. Then, the basic requirements of indoor air 

quality and its determining factors are demonstrated. The different types of contaminants, ventilation 

concepts and their functionality are also briefly presented in this chapter.  

 

2.2 Mechanisms of Gas Dispersion 
 

Once generated at the source, contaminants spread in the environment in which they are emitted. 

Understanding which general factors affect this spreading is crucial to the study of their distribution 

behavior. The equation of continuity for the mass concentration of species A in medium B for constant 

     can be written as (see [5]) 

  
D  
D 

             ̇  (2-1) 

Where    is the mass concentration,   the density and     the diffusion coefficient of species A in B 

(which in general can be assumed anisotropic).     can vary from around           in gases to 

          in liquids [5].  ̇  is the rate of increase of the mass for species A per unit volume.      ⁄   

is called the material (or total) derivative and can be written as     ⁄        , where   is the vector 

for the velocity field. (   ⁄ ) represents the time-dependent changes and (    ) is often called the 

advective (or convective) operator1 and represents spatial acceleration (the bulk fluid movement). The 

Laplace operator is shown as    here and equals the second gradient of    in space. Equation (2-1) can 

be re-written as 

      ⁄                        ̇  (2-2) 

It can be seen that the local change in the concentration of a gaseous material in a flow field is 

influenced by the advective transport (due to the velocity field), the species diffusion (due to 

concentration gradients) and the local production (or absorption) of the material.  

The velocity field in which the gas is released is in turn governed by the continuity equation and the 

equations of the fluid motion (driven from the Newton’s second law of motion) as follows: 

                                                           
1
 In order reduce confusion of terminology with convective fluid motion generated through thermal buoyancy 
forces, the term ‘advective acceleration’ is used in texts of fluid mechanics such as [6]. 
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     ⁄           (2-3) 

       ⁄                       (2-4) 

Where   is the density,   the velocity vector,   the total stress tensor and   the vector for the body 

forces [6]. This velocity field is composed of the interaction between the inertial forces 

(convective/advective terms), momentum diffusion terms and body forces. In the steady state, these 

equations for a Newtonian fluid with constant viscosity (the continuity and Navier-Stokes equations) 

can be written as 

          (2-5) 

                           (2-6) 

The left-hand-side of Equation (2-6) represents the effect of the acceleration of a fluid with respect to 

spatial changes. The vector   demonstrates body forces which are typically related to the existing 

acceleration fields in the environment (e.g. gravity or electromagnetic fields). Considering gravitational 

acceleration, Equation (2-6) takes the form of: 

                           (2-7) 

The state of the movement of a fluid or a fluid mixture at a given instant in time is modeled by the 

velocity field which allocates a velocity vector to every point. In the presence of multiple specifies in 

the flow field, the density in Equation (2-7) is influenced by the local species concentration and so 

affects this velocity field. In this way the equations of motion and concentration distribution are 

interlinked. By looking at the above mentioned equations, in an environment with constant air 

pressure, three general factors can be determined which influence the movement of a gas-air mixture 

once generated in a control volume. These factors are: advection (the existing velocity field or inertial 

force in the flow field), species diffusion, and the body forces. These affecting phenomena are 

described in the following.  
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Figure 2-1. Three main influence factors on the general dispersion behavior of gases in a flow field. 

 

2.2.1 Advection 
 

Advection describes the transport of a material (or a conserved property) in a fluid flow due to the 

bulk motion of that fluid. A classic example of advection is the movement of a dye downstream of a 

channel flow. Advection states the necessity for the existence of a stream and does not include the 

dispersion of species through molecular diffusion. Mathematically, advection is governed by a 

differential equation that describes the movement of a conserved scalar property ( ) by an existing 

velocity field ( ) as follows: 

 
  

  
           (2-8) 

where    and   are the divergence operator and the velocity vector field respectively. If the flow can 

be assumed incompressible (     ), it follows that 

 
  

  
           (2-9) 

where   is the gradient operator.  

 

2.2.2 Diffusion 
 

Diffusion describes the process of spreading through random motion from regions of higher potential 

to regions of lower potential of a property. This potential can be velocity (diffusion of momentum), 

Distribution of 
Gases in a flow 

field 

Advection 

Diffusion Body forces 
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temperature (diffusion of heat) or concentration of a matter (diffusion of mass). Molecular mass 

diffusion can be modeled by Fick’s first law (given the assumption of steady state and one dimension) 

as follows 

      
  

  
 (2-10) 

where   is the diffusion flux per unit area and unit time,   is the concentration and   is the diffusion 

coefficient. For gases, according to the kinetic theory of gases, the diffusion coefficient is dependent 

on the mean free path of molecules and average molecular velocity. While an increase in the 

temperature has no considerable effect on the mean free path of gas molecules it increases their 

average velocity which in turn increases the diffusion coefficient. Higher gas pressure on the other 

hand decreases the mean free path of molecules, resulting in a lower diffusion coefficient.  

The mathematical model of time dependent change in concentration as a result of diffusion in space is 

described through Fick’s second law of diffusion 

 
  

  
   

   

   
 (2-11) 

For the case of diffusion in two or three dimensions Fick’s second law can be written as 

 
  

  
       (2-12) 

If diffusion happens in a turbulent flow (see Figure 2-2), another phenomenon takes place which is 

physically different from molecular diffusion but has a strong diffusive character. This type of 

diffusion, called turbulent diffusion, is a result of vortices that occur in a turbulent velocity field. These 

vortices have a random nature and exist in different sizes and frequencies. In the equations of motion 

for turbulent flows, turbulent viscosity is defined to relate the part of momentum diffusion resulting 

from turbulence to the mean velocity gradients. Similarly, the turbulent diffusion coefficient is defined 

to relate turbulent character of mass diffusion to mean concentration gradients. In equations for the 

turbulent flow the coefficient of diffusion has a molecular part and a representative turbulent part 

(           ). 

 

 

Figure 2-2. Turbulent diffusion in a fluid flow due to vortices [7]. Turbulent diffusion generally has a 
much stronger effect than the mechanism of molecular diffusion. 
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It is important to differentiate between these two types of diffusion. One is the inherent physical 

characteristic of a species mixture, whereas the other one is only the consequence of a flow field. 

Molecular diffusion is an essential mechanism for mixing at small scale. However, in the presence of 

turbulence, the turbulent diffusion is generally a much more effective dispersion mechanism. Typical 

values for turbulent diffusion coefficients in gases are of the order of          ⁄  [7], whereas typical 

values for molecular diffusion coefficient are of the order of         ⁄ .  

Krühne and Fitzner noted that mass transport in indoor spaces occurs mostly due to the large scale air 

movements ( [8]and [9]). The molecular diffusion has only a particularly small effect on the mass 

transport and could be ignored in comparison to advective dispersion1.  

 

2.2.3 Body Force due to Gravity (Buoyancy) 
 

Buoyancy is the body force exerted by a fluid to an immersed object or to a volume of fluid with 

another density. For instance, a volume of air with a higher temperature than the surrounding fluid 

develops a lower density compared to the ambient air and will have the force of buoyancy exerted on 

it. This force equals the weight of the displaced fluid. 

The release of a gas of different density in an ambient fluid (such as air) can also cause local density 

perturbations which result in a buoyancy force and could therefore have a meaningful influence on 

                                                           
1
 In order to demonstrate the influence of pure molecular diffusion in a simple way, the following example is 

given: Consider an open bottle of perfume inside a room. The aim is to calculate the time it takes for the 
perfume to diffuse across the room through molecular diffusion only. 
A rough estimate of the distance   to which the perfume will diffuse in a certain time   can be made using the 
following simple equation (see [5]); 
 

  ̅̅ ̅                 ̅      √    
 
where   is the diffusion coefficient of perfume molecules in air; a typical value for this diffusion coefficient is 

            [122]. Assuming a room with a common length scale of 6 meters, the time it takes for the perfume 
to travel across the room can be estimated as  
 

    
  ̅̅ ̅

   
 

      

             
         

 
It takes over 10 days for the perfume to be noticeable across the room! This seems to be counterintuitive. If a 
similar experiment is done for instance by opening a bottle of nail polish remover or essential oil in your own 
room it would take usually only several minutes for the smell to be noticeable. The above process is only an 
approximation, however the difference between the time of over 10 days (exactly         minutes) and only 
several minutes is so large (4 orders of magnitude) that it is unlikely that it could be resolved through the 
application of an exact calculation (including the odor threshold and the evaporation rate of the perfume). 
Instead, it suggests that the physical model used to describe the reality must be modified. The above estimation 
would be correct if the air in the room were absolutely motionless; this, however, is not the case in real indoor 
spaces, which always contain different currents. Even the smallest airflow, resulting e.g. from small temperature 
differences or infiltrated air, is generally much more efficient in transporting gas molecules than pure diffusion. 
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the dispersion of these gases. This effect can be seen in the mathematical formulation through the 

change it brings to the body force term in the presence of a gravitational field (see Equation (2-7)). 

According to the Boussinesq Approximation [10], if the density changes are not particularly strong 

then the density values in the unsteady and convective terms of the Navier-Stokes equations can be 

assumed constant and only the density in the gravity-related term should be considered variable. The 

so-called Boussinesq flows are not few. Ocean circulations, dense gas dispersions in laboratories and 

natural ventilation are some of the examples. One characteristic of Boussinesq flows is that if a local 

reduction of density in a fluid causes upward relative gravitational forces, an increase in density by the 

same absolute amount would cause the same body forces, only in the opposite direction. Basically in 

the case of small density changes, Boussinesq Approximation states that the differences in inertia are 

insignificant whilst the gravitational acceleration is strong enough to make the weight force noticeably 

different between the areas of the flow field that have different densities.  

When the density changes are the result of small temperature changes, it can be often assumed that 

the density is a linear function of the temperature [11]. The gravitational effects resulting from 

temperature changes can be then written as 

                         (2-13) 

where   is the coefficient of thermal expansion. For air, if the temperature difference is not higher 

than       the error resulting from this approximation is of the order 1 %. If the temperature 

differences are significantly higher or if the fluid flow occurs mostly due to density differences then 

the error could quickly increase [12].  

If the concentration changes result from both temperature changes and the presence of a gas release, 

the body force term in the momentum equation should not only include the effects of temperature 

changes but also those resulting from a species mixture. In cases of density changes resulting from the 

release of another gas in an indoor environment, at low concentrations (e.g.         ), the direct 

effects of the density difference between the contaminant and air are usually ignored. This practice is 

fairly common in both research and industrial applications [2]. However, the errors resulting from 

ignoring local density perturbations could rise quickly if the gases released have a particularly high 

density or are released in large amounts, or if the local inertial force that exists in the flow field is low 

due to the existing low velocities. Several indoor environments can exhibit large areas of particularly 

lowered local air velocities. The following example demonstrates that at low velocities the 

gravitational body force resulting from gas density differences may have a meaningful role in the 

dispersion behavior of gaseous materials. 

In a simplified model, the effect of gravity on a mixture of gas (or vapor) and air can be estimated 

using the physical law of falling masses which describes the velocity in relation to the height of falling 

and the gravitational field:    √      . For a gas-air mixture (ignoring viscous resistance and further 

dilution) the estimation can be written as 

    √  
            

     
   (2-14) 
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where   is the gravitational acceleration,   the falling height and subscripts mix and a refer to gas-air 

mixture and air respectively [2]. Given     (a commonly used dense tracer gas), the average density of 

the mixture (with a         concentration) and the corresponding falling velocity can be estimated 

as follows, 

 

 

Figure 2-3. Estimation of the falling velocity of a gas-air mixture (ignoring viscous resistance and 
further dilution). At velocities as low as         the gravitational body force may have a 

meaningful role in the dispersion behavior of gaseous materials. 

 

This calculation ignores the effects of dilution and viscous forces, in order to make a rough estimation. 

Nevertheless, the calculated velocity is in the range of velocities found in many regions of indoor 

spaces; especially when low velocity concepts are used for the ventilation. The estimation suggests 

that at these velocities the gravitational body force may play an important role in the distribution 

behavior of gaseous emissions. The first experimental study in this work (presented in chapter 4) 

fundamentally investigates the possible effects of such body forces resulting from density differences 

of released gases in particularly low velocity air flow. 

 

2.3 Indoor Air Quality (IAQ) 
 

Enclosed environments are chosen or built either to protect occupants from an undesired 

environmental factor (such as cold, rain or outside threats) or to provide users with an environment 

suited for a certain application (such as in product making or health care facilities). The quality of the 

air breathed by the residents of an enclosed area has a direct influence on their general health, safety 

and the sense of well-being on a daily basis. This quality is an extensive concept which encompasses 

parameters such as air velocity, temperature, relative humidity, surface temperatures of the 

                        

                         

     
                 

      
  

     

   
         

     

   
                       

   √  
           

    
             

                               (    concentration) 

 

Assuming      , 
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confinement, turbulence intensity of the flow field and concentrations of contaminating airborne 

gaseous, particles, or liquid droplets. The management of air distribution and contaminant dispersion 

are some of the key factors meeting the needs of the occupants of an indoor space. Contamination of 

indoor air has been categorized as one of the top environmental risks internationally (see [13] or [14]). 

From a fluid mechanics point of view, studying the air flow field in enclosed environments is 

particularly challenging. One important reason is that the flow field in an indoor environment belongs 

to several classes of fluid flow at the same time. Depending on local circumstances it may include 

laminar, transient or turbulent flow regimes, or a combination of these under unsteady conditions. 

Density changes due to temperature differences cannot be ignored and both natural and forced flows 

(as in case of using ventilators) exist. This leads to several concurrent fluid phenomena with different 

intensity scales, making the exact study and control of air distribution patterns in indoor spaces 

challenging. It is nevertheless an area of research followed extensively – through both experimental 

and numerical techniques – because a more efficient air distribution pattern generally means a better 

air quality in occupied zones and lower specific energy consumption for ventilation. 

The following sections will briefly discuss different categorizations of contaminants in indoor spaces as 

well as the relevant types of ventilation systems. As the findings of the study in this work have been 

applied specifically to the density effects of gaseous contaminants in a low velocity ventilation system 

(displacement ventilation), the focus will be on gaseous materials as well as on displacement 

ventilation. 

 

2.3.1 Categorization of Contaminants in Indoor Spaces 
 

There are numerous different types of contaminants identified in indoor spaces so far. One way to 

categorize these contaminants is as follows [15]:  

 Biological: viruses, bacteria, fungus, spore, etc. 

 Chemical: toxic gases, VOCs, formaldehyde,    , odors, smoke, etc. 

 Physical: particles, temperatures, air velocity, draft, radiation, etc. 

Sources of indoor air contamination include the outside air, building materials, occupants and their 

activities. When the “disturbance” resulting from insufficient indoor air quality reaches a certain level, 

different complaints can be raised by the occupants of the environment. The effects of contamination 

on human beings include discomfort, irritations, allergies or long-term impaired health; the intensity 

of these effects can vary strongly, from “minimally unfavorable” in offices to “extremely hazardous” in 

certain laboratories. 

Chemical pollution can be classified into inorganic (              , etc.) and organic materials such 

as Volatile Organic Compounds; (see [16] and [17] for more details.) A large portion of generally 

undesirable substances in indoor spaces are organic compounds which come from building materials 

or furnishings [18]. Some examples include adhesives, sealants, architectural coatings, particleboard 

and plywood, carpet, resilient flooring and wall covering as well as insulation and acoustical ceiling 

tiles. Table 2-1 lists a number of VOC-based odorous contaminants. It can be seen how the odor 

thresholds of different substances differ from each other by several orders of magnitude. For some 
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materials even a few parts per billion units in air is enough for the human olfactory system to detect 

these in breathed air. The table is arranged from the lowest to the highest density of the materials. It 

can be noted that the substances are generally of high relative density to air. 

In working with concentrations of contaminants it is important to note the difference between 

volumetric and mass-based units of ppb (parts per billion) and ppm (parts per million). In this work, 

tracer gases are used in the experimental investigations and the volumetric ppm unit (    ⁄ ) is used 

in most of the text to state their concentrations. 

 

Table 2-1. A number of VOC-based odorous contaminants. The substances are generally of high 
relative density to air. 

Chemical 
Grouping 

Material 
Molecular 
Formula 

Molar 
mass  

(gr/mol) 

Density*  
(kg/m3) 

Boiling 
point 
(°C) 

Odor 
Threshold 

(ppb) 

Ketone Acetone       58.08 2.39 56.5 4580 

Aldehydes Hexanal        100.16 4.12 131 13.8 

Aromatics  o-Xylol       106.17 4.37 144.5 490 

Alcohols Benzylalkohol       108.14 4.45 205.3 5550 

Esters n-Butylacetat         116.16 4.78 126.1 6.6 

Terpene α-Pinen        136.24 5.61 155 692 

Alkanes n-Decan        142.29 5.86 174.1 741 

Glycol ether 2-Butoxyethanol         118.18 7.04 171 0.97 

Glycol ester 
Butoxyethoxyethyl-

acetat 
         204.27 8.41 245 1.6 

*Densities are given for      . The density of air at this temperature is given as           . References: [19]; 

[20] and [21]. 

 

The sources of emissions can be categorized into different types of point, line, area and volume 

sources, and can also be classed according to their time duration: 

 Short term sources such as a puff could be a sudden release of a gas  

 Continuous sources are long term sources emitting continuously into the environment 

One further important categorization method is considering whether the contaminants are emitted 

from objects with a higher surface temperature than the surrounding fluid.  Convection flows around 

heated objects could result in a different distribution pattern of contaminants emitted from these 

objects than ones released from unheated sources. Contaminations can thus be categorized as being 

“warm” or “cold”. Buoyant upward plumes are defined as emission plumes which have a lower density 
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than the surrounding air. (For example, emissions from a cooling tower of a power plant or the 

emissions of methane in air). Dense gas plumes, on the other hand, are defined as emission plumes 

heavier than air. This occurs if the emission has a higher molecular weight than the ambient air or a 

lower temperature. Passive emissions are neither heavier nor lighter than the ambient air. 

The emission sources used in the experiments in this work are mainly unheated, continuously emitting 

point sources from which two different gases with higher densities than that of air are released into 

the environment. 

 

2.3.2 Efficiency of an Air Distribution System 
 

In ventilation system applications with designated supply and exhaust openings, treated air is 

distributed in the enclosed area, providing the occupants with the desired air quality. There are two 

main criteria according to which the quality of this air distribution in a space is evaluated [22]:  

 Fresh air should – as fully as possible – arrive at the occupants’ zone. 

 Contaminants should – as fast as possible – be removed from the room (and not reach 

undesired areas.) 

A ventilation system is assessed through its capability to replace the “used” air in the occupied zone 

with the fresh air as well as its ability to remove contaminants from the room effectively (see 

Figure 2-4).  Different concepts and terminology have been developed over time to describe and 

measure these capabilities.  

Generally, there are two types of indicators for the assessment of air distribution in indoor 

environments:  

I. Indicators which are used as a representation of the ability of the distribution system to exchange 
the air in the room: 

 Air change efficiency,    

 Local air change index,   
  

 

II. Indicators used as a representation of the ability of the system to remove contaminants from the 
environment: 

 Contaminant removal effectiveness (CRE),    

 Local air quality index,   
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Figure 2-4. Schematic for the dispersion of contaminants in an indoor flow; (for Point   with 
concentration  . (Illustration adapted from [23]). 

 

Also, the following definitions exist for the global evaluation of the air distribution in an indoor 

environment: 

Global Air Change Rate (ACR), 

   
  

  
                  (2-15) 

Nominal Time constant, 

    
 

 
             (2-16) 

Where    is the volume flow rate into the room and    is the volume of the room. The nominal time 

constant is the inverse value of the global air change rate.  

   is defined as the ratio of the nominal time constant,    , to the air change time in the room,  ̅ . This 

efficiency can be expressed in percent and is formulated as 

    
   

 ̅ 
            (2-17) 

In this sense the ideal piston flow, for example, has an efficiency of       while a fully mixing flow 

has an efficiency of      [4].   
 , on the other hand, symbolizes the conditions regarding the age of air 

in a target point. It is the ratio of the nominal time constant for the room to the local mean age of air 

at a particular point. 

   
  

   

 ̅ 
            (2-18) 
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  , the contaminant removal effectiveness, is applied to assess how quickly a contaminant is removed 

from the enclosed environment; in other words, the ventilation system's capacity to evacuate 

pollutants. In general it is defined as 

    
      

〈 〉    
 (2-19) 

where    is the steady state concentration of the contaminant in the exhaust air,    the concentration 

in the supply air and 〈 〉 the average contaminant concentration in the whole room.  

In cases where the sources of contaminates are not uniformly spread in the environment, the general 

contaminant removal effectiveness value cannot give sufficient information about the functionality of 

the ventilation system, especially in regard to the air quality control for the occupants. It is also 

possible to compare local values of the contaminants’ concentration to the exhaust concentration. 

These indices are called local air quality indices,   
  and are defined as 

   
  

      

     
 (2-20) 

where    is the concentration of the contaminant at the target point. This point can be the occupied 

zone, the breathing height, the fresh air zone of displacement ventilation or a stagnation point of 

interest in the room. According to this definition, values larger than unity mean better (lower) 

contaminant concentration than the exhaust and values lower than unity mean a worse (higher) 

concentration than that of exhaust air. 

In some investigations it is more suitable to use the concept of contamination load1 (or contamination 

level), the inverse value of the local air quality index [24]. According to DIN 1946-4, the standard for 

ventilation in buildings and rooms used for health care, the local contamination load for a point   is 

defined as 

   
      

     
 (2-21) 

Or 

   
 

  
  (2-22) 

Like   
 , contamination load -   - is a non-dimensional parameter. Particularly low values of 

contamination load indicate concentration values as good as supply air and values equal to (or larger 

than)   indicate concentration levels as high as (or higher than) those in the exhaust air. 

Which indicators are more suitable for a particular assessment depends on the target of the 

investigations carried out in the enclosure as well as the information available on the sources and 

types of contaminants. According to the European Guidebook of Ventilation Effectiveness [4], the first 

                                                           
1
 In German: ‘Belastungsgrad’ 
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group – the air change efficiency indices – can be used for cases in which little or no information on 

contaminant sources is accessible, while the second group – contaminant removal indices – is better 

applied where detailed information is available on contaminant sources. For a broader study of these 

indices the reader is referred to studies such as [25], [26], [27] or [28].  

In this work the concept of contamination load ( ) is typically used for the study of the distribution of 

gases. 

In the following, two types of airflow concepts are discussed: “Mixing ventilation” and “Displacement 

Ventilation”. First, mixing ventilation is briefly illustrated, and then more attention is given to the work 

and principles of displacement ventilation.  

 

2.3.3 Mixing Ventilation 
 

Mixing ventilation is a type of ventilation which aims to supply air with a high momentum into the 

indoor environment in order to cause a mixing in the air and dilute the heat or contamination load 

present in the area. It is typically designed using air jet currents with relatively high discharge 

velocities (      ) near the ceiling area. The entering air causes a global mixing in the ventilated 

room due to its high inertial force – therefore the name ‘mixing’ ventilation. The temperatures and 

concentrations are nearly the same for the whole room, while the air velocities are relatively high. In 

mixing ventilation, the air velocities often increase with increasing thermal loads [24]. Figure 2-5 

shows a schematic of the working principle of this type of ventilation. Under the assumption of perfect 

mixing, the location of the exhaust opening has only secondary importance. It should be noted 

though, that the notion of       uniform temperature and concentrations distribution signifies only 

an idealized image of mixing ventilation and in real cases there are (sometimes strong) deviations 

from this idealized state. 

 

Figure 2-5. Schematic of idealized field properties for mixing and displacement ventilation [24]. 

 

Since the findings of the fundamental investigations in this study have been specifically applied to the 

density effects of gaseous contaminants in low velocity displacement ventilation, this type of 

ventilation is discussed in more detail in the next section. 
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2.3.4 Displacement Ventilation, Principles and Characteristics 
 

The idea of displacement ventilation is based on air movements resulting from density differences. 

The principle of using density differences to transport undesired heat or contaminants away or to 

determine a certain flow pattern goes back to antiquity. Openings near the ceiling – either natural or 

accelerated through a wind-driven device or a heat source – produced similar effects in early 

residential constructions [29].  

In a modern displacement ventilation system fresh air is often supplied at a lower temperature 

(compared to the room) into the lower zone of the room. The convection flows resulting from the 

sources of heat are used to transport undesired heat and contaminants into the upper zone where the 

exhaust opening is located. The fresh air arrives with a low velocity (generally with values lower than 

       ) in the lower levels of the room and experiences a moderate acceleration spreading on the 

floor (due to its lower temperature). This supply air usually reaches its maximum velocity at a distance 

of     to       from the opening [30]. Therefore it is advisable not to plan the occupied zone in the 

direct vicinity of the opening since it may result in undercooled feet or the feeling of a draft on the 

lower legs. At heat sources the temperature difference between the fresh air layer and the surface of 

the object results in upward convection flows which accelerate the transport of contaminants emitted 

from these objects into the upper exhaust layer. The vertical temperature and therefore air density 

differences result in a stable stratification in the room. When the heat sources are also acting as 

contaminant sources, the room is divided ideally into a lower layer of particularly low contaminant 

concentration and a higher layer of high contaminant concentration (see Figure 2-6).  

 
Figure 2-6. Left: Schematic of displacement ventilation [4]. Right: Concentration distribution in 

symmetry plane of a room with displacement ventilation [29]. 

 

The central advantages of using this type of ventilation are improved indoor air quality in the occupied 

zone, energy saving potentials (due to lower necessary volume flow rates) as well as lower noise levels 

compared to mixing systems. Typical areas where displacement ventilation has been applied 

successfully are:  classrooms, hospitals, theaters, meeting or conference rooms, dining rooms, casinos, 

supermarkets and also industrial areas. Brohus and Nielsen carried out a detailed investigation of the 

exposure of a manikin in displacement ventilation and compared it to the general concentration 

stratification in the room [3]. In almost all the cases studied, the concentration in the “breathing air” 

of the manikin was lower than the concentration at the same height outside its boundary layer. This is 

consistent with the findings of Kriegel [31]. 

Contamination source close to exhaust

ec

ecc 
0,95

0,90

0,80

0,70

0,95

0,90

0,80

0,70

73,0exp 
c 76,0exp 

c



Theoretical Background and the State of Knowledge 

 

30 
 

Velocity magnitudes 

The velocity field is the determining factor in the distribution of air and contaminants in ventilation 

systems. The velocity field in displacement ventilation has been, therefore, the subject of many 

studies. The basic elements of displacement ventilation affecting the velocity field are the low-velocity 

air inlet near the floor, the heat sources and their arrangement as well as the exhaust opening which 

should be placed at the upper part of the room. The exhaust could be seen basically as a sink flow with 

a relatively short influence range on the velocity field. The velocities around an exhaust will decrease 

to around a tenth of the average velocity in the exhaust opening in a distance of about one to two 

hydraulic diameters away from the opening [32]. The inlet – especially when it is mounted on the floor 

– can be often characterized as a low-impulse wall jet with a lower temperature when compared to 

the surrounding medium [4]. Both this area and the area of the heat plume above the heat sources 

have been the subjects of extensive research (see e.g. [33] and [8]).  

A considerable part of the air in the occupied zone of displacement ventilation does not belong to any 

of the above mentioned categories of inlet area, heat plume flow or the exhaust vicinity. In this area 

the velocity values are particularly low and the inertial forces of the flow particularly weak. Brohus 

measured the velocity values in these parts of a displacement ventilated room [29] and the values 

above the height of       were below         (see Figure 2-7). Disturbances in this area may lead to 

heightened local velocity levels. However, after the disturbances subside, displacement ventilation 

stabilizes rather quickly (after about 10 minutes according to Mundt [34]) 

 

Figure 2-7. Velocity distributions in two cases for displacement ventilation. Generally the velocities 

in a displacement ventilated room are of low magnitude. Case A:           ⁄ ,  Heat load = 

     ,          . Case B:           ⁄ , Heat load       ,          . (Data from 
[29]). 
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Cylindrical heat sources 

When doing research in the area of displacement ventilation, experimental simulations of the heat 

sources are often used (e.g. heated cylinders or manikins). These heat sources produce the buoyant 

flows necessary for the functioning of displacement ventilation. One simple form of these so-called 

heat dummies consists of a closed hollow cylindrical shape with electrical heat sources inside. There 

have been numerous studies investigating the heat sources, geometry and volumetric flow rate of the 

resulting buoyant flows (see e.g. [35], [36], [33]). Generally, determining natural convection flows 

above real geometries is especially challenging. The airflow leaving these surfaces is highly unsteady 

and partly dependent on the air movements and thermal state of the surrounding environment.  

One simplified approach to determine the characteristics of a convection flow from an extended 

surface is to make use of a virtual point source instead, for which the airflow rate and other properties 

are well-studied. The approach is to find a virtual origin which would produce the same buoyant flow 

as the extended surface. Skistad suggested a method for determining the location of this origin [37]. 

According to Skistad, the location of this point      can be assumed to lie between       (for the so-

called state of “minimum case”) and       (for the state of “maximum case”) below the surface of the 

cylinder; where   is the diameter of the cylinder. See Figure 2-8. 

After determining the location of the virtual point source, for every height ( ) above the heat source, 

the parameter   is defined as 

        (2-23) 

 

Figure 2-8. Modeling the convection flow above a vertical cylinder using a virtual point source [4]. 

For part of the experimental study in this work it was important to have an estimation of the width of 

the heat plume from the heat sources at a certain height. Calculations have been made in this regard. 

Figure 2-8 shows a schematic of a simplified heat plume from a cylindrical heat source. In the 

“maximum case” the cylinder is represented by a point source so that the border of the heat plume 

passes through the edge of the real object [4]. For the cylinders used in this study the origin of the 

virtual source can be estimated as         . For a point located       above the ground and a heat 

source with a diameter of       and a height of      , 
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The width of the plume      at the height of    centimeters above the cylinder can then be estimated 

as 

     
 

  
 (2-24) 

         
     

     
         (2-25) 

 

It shows that the heat plume radius is approximately   to      larger than the cylinder radius at a 

height of       above the ground. (Later in this work these estimations are used to make sure that a 

contaminant source is outside direct heat plumes). 

Also, it is possible to use the correlation in the following table to estimate the average air flow rate at 

distance   above the virtual point source.  

Table 2-2. The mean velocity and air flow rate for the thermal plumes above a point heat source [4]. 

Flow Region Laminar Region Turbulent* Region 

Air flow rate,     (    )               ⁄     ⁄            ⁄    

*The change of flow regime from laminar to turbulent happens approximately when            . This 

means a height of       for moderate temperature differences.   is the convective heat flux. The coefficients 

used in the equations show a slight difference in various references [31] depending on the entrainment 

coefficients applied. 

 

Uncharacteristic contaminant distribution due to unheated contaminant sources 

When the heat sources are also the main sources of pollution in the room, the principle of 

displacement ventilation works well. Generally, the upward buoyant flows provide enough convective 

force around the contaminants released in the boundary layer of warm objects to transport them 

towards the upper exhaust layer. If emission sources are present which do not produce heat, 

however, the contaminant distribution in displacement ventilation could take a different form than 

the typical state which shows higher concentrations at higher levels and lower concentrations at lower 

levels.  

There are some studies which have already mentioned a possible “uncharacteristic dispersion 

behavior” of emissions from unheated sources when using displacement ventilation (see e.g. [29]). A 

study by Nielsen shows that when in a displacement ventilated room the tracer gas is brought into the 

heat plume of a test dummy, the average values of concentration in the lower level is not higher than 

        [38]. The situation changes when the contamination source is outside the buoyant plume and 

not situated in the exhaust layer of the room. He mentioned that particularly high concentrations 
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could be seen in this case in the vicinity of the source. It was observed that if the velocities are low in 

the emission area, depending on the temperatures it is possible that the contaminants will not follow 

an upward movement. Figure 2-9 shows that the concentrations near a ‘passive’ unheated source can 

reach high levels in a displacement ventilated room. Particularly high local concentrations can occur 

when the air movement around the contaminant source is small. 

 

Figure 2-9. Concentrations near a passive unheated source can reach high amounts in a 
displacement ventilated room [38]. 

 

Also, Krühne measured uncommon concentration distribution when passive sources were used in the 

room [8]. He performed a comprehensive experimental study of mass transport in displacement 

ventilation. Regarding the strength of the convective upward flow, he showed the possible difference 

between what he called an “extensive” and an “intensive” heat source. He suggested that the heat 

sources in displacement ventilation must be “strong” enough. Otherwise, they may not be able to 

transport the released experimental particles up into the exhaust layer, causing a bias in the 

experimental results for air change rates.  

Mundt studied the dispersion of     – which has only a slightly higher density than air – in a 

displacement ventilated room [39]. It was mentioned in her study that while the results for ventilation 

efficiency was somewhat insensitive to the position of the gas source (either above a heat source or 

remained unheated), the contaminant removal effectiveness was very sensitive to the position and 

type of the tracer gas used. In other experiments, Mundt already observed that whenever the tracer 

gas source was positioned away from the heat sources, the density of the gas played an important role 

in its distribution. The tracer gas that had a density higher than air followed a distribution route to the 

floor in all measurement cases. She mentioned further that at low temperature gradients in the room, 

a tracer gas with almost the same density as air would also spread to the floor [40], indicating the 

possible influence of temperature gradients in the room.  
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2.4 A Further Survey of the Literature 
 

This section contains a further survey of the studies relevant to the problems addressed in this work. 

References to a number of studies have already been made in the previous sections. These are 

generally not repeated here. A number of other complementary references are given during the 

following chapters of the thesis and are integrated into the discussions throughout the work.  

The focus in this part is mainly on the area of the dispersion of tracer gaseous and possible density 

effects of the emissions. It is divided into two main groups: numerical and experimental studies.  

 

2.4.1 Experimental Studies 
 

One of the first published systematic experimental investigations in the area of indoor air quality was 

a series of studies carried out by Hermann Rietschel on ventilation in schools [41]. Since that date 

there has been continual investigations on the subject of air quality in built environments. As 

mentioned in the introductory part, a basic assumption often made in ventilation engineering is that, 

from the standpoint of gaseous contaminant dispersion, the bulk movement of the air and turbulent 

diffusion are the dominant mechanisms whereas density differences between the contaminants and 

the environment and molecular diffusion play only minor roles. In the 1970s with the more 

widespread use of ventilation inspection strategies using gases, Hunt was one of the first researchers 

to mention that errors might result if a tracer gas is mixed poorly due to having different density than 

air, and that any stratification that occurs may lead to erroneous ventilation inspection results [42].  

Afterwards, some researchers evaluated the possible effects of applying different tracer gases on 

calculations of air change rates, mostly using the concentration decay method. Grimsrud et al. applied 

five different tracer gases to calculate the air change rates values between              [43]. The 

authors used a setup with highly-mixed flow and a forced air heating system in the room, with the 

tracer gas injected into the duct of the air heating system. They found that     gave quantities slightly 

different from the calculations carried out using the data from    ,     and   . Olander compared 

calculations of air change rates with     and     and reported agreement between them at air 

change rates ranging from             [44]. Also, Shaw carried out ventilation efficiency estimations 

and measured gas concentrations in an airtight room with air change rates of            , using 

               and     gases [45]. Clear agreement was found between estimates of ventilation 

based on gas measurements and those based on volumetric flow rates through the exhaust diffuser, 

though the data showed a higher scatter for     and    .  

In all the investigations cited above, the tracer gases were either released into the inlet duct or into 

the room with additional fans to ensure high mixing in the room. Later in the 1980s, it was also 

observed in some direct investigations on the gas distribution patterns that a type of stratification of 

gas concentrations may occur due to density differences, when there is no high air mixing in the room, 

e.g. in unventilated rooms or rooms with certain low velocity ventilation arrangements [46]. 

Olesen et al. studied a special type of displacement ventilation with a piston flow inlet (perforated 

bottom floor) and grill diffusers as exhaust in the ceiling [47]. In some experiments the     dosage 
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point was unheated, resulting in a spreading of the gas downwards due to its higher-than-air density. 

This caused lower concentrations in the breathing zone of a thermal manikin located close to the 

supply opening when compared to the case where the     was released over a heat source. They 

mentioned that, when presenting the results for contaminant removal effectiveness, (due to the 

differences observed in the data) the source and type of the contaminants used in the study should 

always be included. 

Niemela et al. studied a room of       volume using mixing ventilation with          volume flow 

rate. This resulted in an air change rate of         in the room, signifying a high average velocity in the 

environment [1]. Nevertheless, in a special measurement case in which the tracer gas was poorly 

mixed with the room air flow (i.e. no extra fans near the release point), the mean age of air 

calculations using helium was        greater than it would be using    . They reported that this 

bias is larger than a possible experimental error.  

Laporthe et al. studied the dispersion of two gases,     and    , in a short circuit air flow (which 

resulted in considerably lower velocities in the occupied zone of the room) [48]. The gas source was on 

an unheated table in the middle of the room. For both gases, they noticed clear gas accumulation on 

the ground. The relative accumulation was reported to be the same for both gases.  

In investigations, such as those determining the capture efficiency of a local exhaust system or the 

contaminant removal effectiveness of a ventilation system, the tracer material is generally introduced 

into the place where the contaminant is produced, to model the real emission. In order for this 

modeling to be valid the tracer release must have a passive character in relation to the contaminant 

source. That is, it should not disturb the existing velocity field, and its behavior must resemble the 

contaminants which are being modeled. In investigations, where additional local mixing may not be 

used (since it changes the properties of the real-case flow field), there is a risk that the effects 

resulting from the tracer gas’s own density directly affect the results of the experiment.  

 

2.4.2 Numerical Studies 
 

The idea and methods of numerically solving differential equations governing the fluid flow are not 

new, but only with the advent of modern computational capacities has it been possible to perform 

numerical algorithms for practical fluid flow problems in indoor spaces1. CFD (Computational Fluid 

Dynamics) is basically finding an approximate solution for the differential equations governing the 

fluid flow using discretization methods. Discretization is the approximation of differential equations 

which leads to a system of algebraic equations that can be solved mathematically. The results of the 

numerical simulation will therefore be on discrete regions of time and space (referred to as the 

domain of solution). The mapping of continuous space on a finite number of points is called grid (or 

mesh) generation.  

                                                           
1
 In the 1950s computers were only able to perform a few hundred operations per second; nowadays there are 

super computers which can perform 10
12

 operations per second. This advancement has, in its early stages, led to 
the idea of using this possibility for numerically solving the complex equations of fluid flow. And this trend has 
risen radically ever since, so that in the early 21

st
 century almost every third researcher in the subject of fluid 

dynamics is working in the area of numerical solutions; data from [12]. 



Theoretical Background and the State of Knowledge 

 

36 
 

One of the earliest studies that applied numerical simulation to indoor air flow was done by Nielsen 

[49]. He used a stream function-vorticity approach and applied a two-equation model for turbulence 

simulations. The results were acceptable but limited only to 2D calculations. A few years later the 

finite volume approach was used by Hjertager and Magnussen [50]. In their study they modeled a 

room with a jet inlet flow. The separation point for the jet was well predicted; however there was a 

clear over-prediction of velocity in the lower part of the room. 

CFD in the area of indoor air quality is also used in the investigations of the distribution pattern of 

fresh air or released contaminants, fire smoke simulations, and in studies of thermal comfort and 

energy usage. This has achieved significant success in the past (see e.g. review papers of [51], [52] and 

[53]). However there are still major challenges associated with using CFD for practical indoor air flow 

investigations. The different types of phenomena that occur simultaneously in enclosed environments 

create complex airflow characteristics. Free jet flows, jet impingement, boundary layer separation, 

local air circulations, buoyancy and re-attachments of the flow are examples of these fluid flow 

phenomena (see section 6.1 for more details). A further challenging component of applying CFD is 

turbulence and its modeling. Generally, CFD has the following main approaches towards turbulence: 

Direct Numerical Simulation (DNS), Large Eddy Simulation (LES) and using Reynolds-Averaged Navier-

Stokes (RANS) equations together with turbulence (closure) models. DNS directly solves the equations 

of fluid flow without applying any approximations for turbulence modeling. For a direct numerical 

simulation extremely small space discretization and time steps are required. These factors result in a 

particularly high computational cost, and so for now and in the near future it is not foreseeable that 

DNS could be used for practical indoor air flow calculations. Another approach is the LES. 

Kolmogorov’s theory of self-similarity in turbulence states that large eddies in turbulent flows are 

more dependent on geometry, while the small-sized eddies have a universal character over the entire 

fluid flow [54]. The LES approach – which often also involves a high computational cost for real indoor 

air applications – separates large and small eddies, directly simulates the large eddies and applies 

models for small scale ones (more details can be found in reference books such as [55]). According to 

Wilcox, “an ideal model should introdu e the minimum amount of  omplexity while  apturing the 

essence of the relevant physics” [56].  

RANS often builds a practical compromise between the quality of results and computational costs in 

relatively large indoor domains. k-ε is one of the most widely used models for the numerical 

simulation in indoor air flows. This model was successfully applied to investigate airflow and particle 

distribution in a room using a low velocity under-floor ventilation system [57].  Gadgil et al. also found 

a good prediction of pollutant mixing in an isothermal indoor space using this model [58]. In terms of 

buoyancy determined flows, Van Maele and Merci have found that the k-ε realizable model had a 

better performance than the standard k-ε model when predicting different buoyancy plumes [59]. 

Several researchers devoted their work to the numerical investigation of the contamination transport 

in different spaces. The quality and success of these studies are very diverse. References like [60] and 

[61] provide a good report on this topic. Jayaraman et al. simulated the tracer gas transport in an 

atrium in a thorough study in which they used a commercial CFD code [62]. They modeled the diluted 

methane tracer as active scalar (considering its density difference with air) and obtained numerical 

results which largely agreed with the experimental data. They showed that modeling the methane 

tracer gas as a passive scalar leads to results generally of a poorer quality. Their study also 

demonstrates how decisive the effect of thermal boundary conditions in final results of tracer 
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transport is. This indicates the value of assuring a reliable thermal and velocity field in the numerical 

solution before the contaminant distribution is modeled. 

In investigations carried out to simulate the dispersion behavior of a heavy contaminant (   ), 

Ricciardi et al. used mixing ventilation and injected large amounts of diluted     into the lower parts 

of a test room and observed clear stratification in the room [63]. Figure 2-10 shows the results of a 

simulation carried out for this study. 

 

 

Figure 2-10.     mass fraction field in the symmetry plane of the room at different times during the 
injection phase [63]. A possible stratification of the heavy gas can be observed. 

 

In another study, He performed a comprehensive numerical and experimental study of the 

contaminant distribution under different ventilation schemes and source locations [64].     was used 

as a tracer gas in the experimental studies. In a test case of displacement ventilation with an unheated 

contaminant source on the ground, numerical results showed that a large part of the room had 

concentrations close to the concentrations in the exhaust air. Only the area near the supply opening 

(distance      ) had a better air quality. 

The application of CFD to the study of contaminant transport can be beneficial in many ways. It is 

possible, for example, to separate the emissions from different sources in a CFD prediction more easily 

than in experiments. This is a very important effect because it gives the opportunity to study the 

significance of different source locations, as demonstrated in Figure 2-11 from a study by Murakami. 

The figure shows a CFD prediction of contaminant exposure of a standing person in a room with 

displacement ventilation. 53 % of the exposure is initiated from the floor, while only 1% comes from 

the ceiling, although the rate of emission per square meter was the same from all surfaces. 
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Figure 2-11. The exposure of a standing person from different surfaces with the same emission rate 
in displacement ventilation [65]. 

 

 

2.5 Dimensionless Groups 
 

The fundamental studies in this work are carried out with the help of a direct dimensional analysis 

(see Chapter 3). The current section describes the benefits of using non-dimensional parameters and 

includes an introduction to a number of these groups. 

There are seven basic dimensions (mass, length, time, temperature, amount of light, amount of 

matter, and electric current) and each physical quantity is a combination of these dimensions. It 

follows that if a physical parameter is divided by a combination of variables or constants whose 

product has the same dimension as this parameter, the result is a non-dimensional (or dimensionless) 

term.  

There are three main advantages to using dimensionless groups when working with a set of variables 

in a study. First, using dimensionless groups can considerably reduce the number of parameters in the 

experimental investigation. A complete experimental data set for a problem with   parameters and   

levels for each parameter requires         experiments (!), whereas for a reduced number of, say, 

two non-dimensional groups in the same problem only    experiments are needed to extract 

essentially the same experimental data. Second, these groups often expand our understanding of the 

relation between the different participating parameters in the problem; for example, that doubling a 

velocity has the same effect as increasing the area by a factor of   in a physical phenomenon. 

Sometimes non-dimensional numbers represent a ratio of forces operating in the problem and the 

magnitude of these numbers is generally a sign of the relative importance of these forces. Third, 

dimensionless numbers are powerful tools in the presentation of the results. They demonstrate a way 

for a more compact and straightforward management of the experimental data1. 

Perhaps one of the first scientists to apply dimensionless parameters for analyzing experimental data 

was Osborne Reynolds, who tried to find a relation between a flow characteristic – namely its 

                                                           
1
 Dimensionless parameters are also often the foundations for studies containing model testing. 
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turbulence intensity – and a dimensionless combination of the flow properties, now known as the 

Reynolds number.  

In the literature, several commonly-used and established dimensionless groups can be found. One of 

these groups is known as the Archimedes number, which is the ratio of the gravitational force over the 

viscous force in which the gravitational force is a result of the density difference between two states 

of densities of   and    [6]. 

 
      

  
           

                   

             
 (2-26) 

 

In Equation (2-26)   is the gravitational constant;   is a characteristic length and   is the dynamic 

viscosity of the fluid. If this change in the density is the result of temperature differences in a fluid, at 

small temperature differences the value of        ⁄  can be written as |   |, since in a fluid, 

              
      
→      |

  

 
|  |    | (2-27) 

where   is the coefficient of volumetric expansion and   is the temperature. The resulting number 

takes the form of 

 
    |   |

  
     

                             

             
 (2-28) 

 

where   indicates the kinematic viscosity (    ⁄ ). This number (which – in a similar form – is known 

as the Grashof number) is used to indicate the ratio of buoyant forces resulting from temperature 

differences in the fluid to the viscous forces of the flow. It is therefore especially useful for the region 

around a solid surface with a different temperature to that of the bulk fluid flow around it. 

There is a second form of the Archimedes number which has established itself and is especially 

widespread in the field of buoyant jets, plumes and air-conditioning applications. It is formed as 

    
  

   
 (2-29) 

 

where    is the Grashof number and    is the Reynolds number (   ⁄ ), and can be then written as, 

 
   

    |   |
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(2-30) 
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This form of    represents the buoyant force resulting from temperature differences compared to the 

inertial force existent in the flow field: 

    
               

              
 (2-31) 

 

With regards to the discussion of diffusion mechanisms, there is also a dimensionless ratio, the 

Schmidt number, which represents the ratio of viscous diffusion to molecular species diffusion, 

    
 

 
 (2-32) 

where   is the kinematic fluid viscosity and   is the species diffusion coefficient. The turbulent 

Schmidt number (   ) is defined as the ratio of turbulent kinematic viscosity to turbulent diffusion 

coefficient.  The value of     is often of the order of unity [66], indicating that in turbulent flows the 

species diffusion has a similar magnitude order as the viscous diffusion of momentum. Aside from the 

renowned dimensionless groups, there are also some structured methods developed for the process 

of non-dimensionalisation in an investigation (see Chapter 3). 

In some experimental studies it is desirable to work with familiar forms of dimensionless numbers, but 

the reference scales accessible in the problem do not directly match those typically used to define 

these groups. In these cases the necessary reference scales can be created using similar available 

parameters in the problem. For instance, if the aim is to find the          number in a flow where 

the known parameters are the reference velocity scale  , the fluid density   and viscosity   and a 

reference area  , then the reference length scale can be created as   √   so that 

     
    √ 

 
 (2-33) 

Müllejans carried out one of the pioneering works on the usage of similarity in the area of indoor air 

flows [67]. He made use of the definition of the Archimedes number in Equation (2-30) and in order to 

find a velocity scale for the indoor area in the denominator, he proposed using the definition of the 

reference velocity defined as 

    
  

 
 (2-34) 

where    is the active reference velocity for the room,    the total inlet volume flow rate and   is the 

surface area of the room. Achieving the definition of 

    
         

   
 (2-35) 
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which was used in his work to compare different ventilated areas containing different length scales. 

 

The design of the experimental studies and the analysis of the data in this work make use of the 

method of dimensional analysis. The steps used in this analysis are described in the following chapter. 
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3 Methodology and Approach 
 

This thesis is composed of three connected sections – two experimental investigations and a 

numerical study, whereby the experimental sections are in the center of the study and comprise the 

larger portion of the text. The general approach chosen throughout the whole work is a fundamental 

one. This is due the scarcity of fundamental investigations directly addressing the phenomenon of 

density effects of gaseous emissions in a low velocity environment. Since using a dimensional analysis 

is the focus in the experimental investigations, the method used for this analysis is described here. 

 

3.1 The Experimental Study  
 

An experiment is often carried out with the aim of evaluating the validity of a hypothesis. One useful 

method that helps designing and carrying out experiments efficiently is to perform a dimensional 

analysis [68]. In investigating physical phenomena a relation between the dependent and independent 

parameters of the phenomena is always sought. In many practical problems the governing equations 

between these parameters exhibit such complexities that a mathematical solution cannot be explicitly 

obtained. Under the basic assumption that such a functional relation exists, the method of 

experimental testing, which makes use of a dimensional analysis beforehand, allows for a complete or 

partial solution of the problem without a further mathematical solution process [69].  

A dimensional analysis starts with the idea that the target output resulting from a complex 

phenomenon can be assumed as a function of a finite number of parameters which have the strongest 

influence on the target. 

 

3.1.1 Dimensional Analysis and the Method of Repeating Variables 
 

Dimensional study works with the physical quantities and combines them to build non-dimensional 

groups. When encountering a problem, defining non-dimensional groups can be carried out using 

different methods [70]: 

a. The method of equivalent quantities: in this method the influencing quantities such as the 

force (inertial, pressure, viscose, etc.) or Energy (kinetic or potential) are formulated 

separately and set in a relation to each other.  

b. The method of using differential equations: This method uses the existing differential 

equations for a problem (e.g. Navier-Stokes equations) and builds dimensionless numbers 

through mathematical manipulation of the equations.  

c. The method of direct dimensional analysis: In this method, first individual influence 

parameters are discussed, then through structured combination of these parameters effective 

dimensionless groups are built. 
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The third technique is applied in this study, together with the method of repeating variables1. In the 

following, the steps involved in this method are described.  

I. A list of important parameters participating in the problem is made (including the target 

variable). 

In establishing the parameter list, it is important to keep the number of variables and therefore the 

complexity of the problem to a minimum [68]. The higher the number of variables which do not have a 

significant impact on the outcome, the higher the experimental expenses as well as the risk of errors. 

Finding the right list of parameters requires physical understanding of the occurring phenomenon and 

is sometimes a demanding task. For most engineering problems, variables that could be listed in the 

“dimensional relevance list” can be classified into four general categories of geometrical factors 

(lengths, angles or areas), material properties (density, viscosity, etc.), physical constants (e.g. 

gravitational acceleration) and field variables (velocity, pressure, temperature, etc.). It should be kept 

in mind that the chosen parameters should be independent of each other (e.g. one cannot choose 

density, gravity and specific weight together).  

II. The primary dimensions of the listed parameters are determined. 

 

 

Figure 3-1. Steps used in the dimensional analysis in this study.  

                                                           
1
 The application of this method is by no means only limited to the studies of fluid mechanics. Popularized by 

Edgar Buckingham [126], this method was first published by the Russian scientist Dimitri Riabouchinsky [6].  

I.  A list of influence parameters in the problem is made. 

II.  The primary dimensions of the parameters are determined. 

III.  A number of repeating variables are chosen. 

IV.  Dimensionless groups of parameters are constructed mathematically. 

V.  A transformation of the originated dimensionless numbers is performed. 

VI.  Experiments are designed and carried out. A functional correlation can be 
sought between the target variable and the other dimensionless numbers. 
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III. A number of repeating variables, equal to the number of the primary dimensions, are chosen. 

In fluid dynamics, velocity, density and a parameter with the dimension of length are often 

chosen. There are no strict regulations for this task, yet there are some guidelines that can be 

followed. Some rules and general suggestions about an efficient choice of the repeating 

variables can be found in texts such as [6]. 

 

IV. Dimensionless groups are constructed using a combination of the repeating variables with 

each of the remaining variables. The number of the first group of non-dimensional groups 

identified can be calculated by subtracting the number of existing variables from the number 

of the primary dimensions involved (the  -theorem). 

 

V. If necessary, a transformation of the dimensionless numbers originated is allowed as long as 

the product remains non-dimensional. 

Once the non-dimensional groups are identified it is possible to transform them (by conducting 

mathematical operations). This is sometimes used to build or modify established dimensionless groups 

(an example was seen in the previous chapter in building a form of the Archimedes number by 

combining Grashof and Reynolds numbers). Sometimes this forms a new dimensionless quantity 

which then replaces the original quantities. The procedure is called “utilizing the connection of 

dimensionless quantities” [71] and often results in a simplified presentation of the experimental 

outcome and reduces the number of independent non-dimensional variables in the problem. 

Generally, for arbitrary    and    and a constant  , the following applies: 

     

 
    

 
    (3-1) 

Where the Greek letter   is the symbol of a non-dimensional group,   and   are integers and   and   

are non-zero integers. The application of this step can be found in the experimental parts of the 

current work 

VI. In the final step, experiments are designed and carried out where different ranges of the 

participating dimensionless numbers are tested. Afterwards, a functional correlation can be 

sought between the target variable and other dimensionless numbers. It can be written that 

                  (3-2) 

The functional form of the relation can be determined by performing a regression analysis on the data. 

In some cases no functional form is pursued but a possible conditional correlation is sought between 

the values of the parameters. For instance, the question of whether a value of the Reynolds number 

can be found above which the drag coefficient is independent of this number. In that case it can be 

observed in the data that at a certain value of Reynolds, increasing the Reynolds number would not 

change the value of drag coefficient even though the input values of experiment are changed.  

In the following chapters, this method is used to fundamentally investigate the intensity of the 

buoyancy force resulting from the density differences of the released gases in the experiments. 
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3.1.2 Application of Tracer Gases 
 

Tracer materials are used for a wide range of observation and analysis techniques, such as ventilation 

studies ([73] and [72]), leak detection [73], atmospheric tracing [74] and following the path of 

contaminants or certain other components in the flow field (e.g. [8]). Some tracer types are used in 

visualization techniques; others are more suited to quantitative studies and are usually measurable in 

particularly small amounts. When working with tracer gases, these should ideally possess several 

characteristics. These characteristics include: 1) Safety and non-flammability: The tracer gas should 

not be hazardous to people or materials around the test area. The MAK value (Maximum Workplace 

Concentration) in Germany can be used as a guideline in applying tracer gas measurements. 2) 

Measurability: The tracer gas should be reliably measurable with simple, fast and inexpensive 

methods. 3) Density ratio of unity: When applied as experimental models, the density of the tracer gas 

must be ideally equal to that of the modeled material. 4) Non-intrusive and Non-reactive: The tracer 

substance must remain non-reactive to the environment in which it is used.  

In an optimum case, the tracer material used as a model for ambient fluid should appear fully 

insensible to the environment in which it is used. Tracer materials used in practice often cannot satisfy 

all these measures at the same time. In indoor air studies, tracer gases are applied particularly in the 

area of ventilation inspections. Currently, commonly used tracer gases in this area are     and     

[4].     can also be used in cases where it can be ensured that its background concentration remains 

fully constant. Some authors have also reported using gases such as   ,    or Aceton vapor as tracer 

materials in air. In this study, two gases,     (also called laughing gas) and    , are used. 

Corresponding gas specifications are given in the following tables. 

 

Table 3-1. Properties of the tracer gases used in this study (A). 

Tracer Gas 
Molecular 

Weight (      ) 
Density (     ) 
(at             ) 

Density ratio to 
Air,        

(at             ) 

Diffusion Coefficient 
in Air,  * 

(    ) 

                              

                              

* Ref: [1] 

Table 3-2. Properties of the tracer gases used in this study (B). 

Tracer Gas Properties (at room Temperature) MAK* (8 hours of work) 

    colorless, non-flammable, also known as “laughing gas”         

    colorless, odorless, non-flammable, non-toxic          

* (Maximum Workplace Concentration) 
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3.2 The Numerical Study 
 

It is not always possible to carry out an experiment effectively, either because it is too time-consuming 

and expensive or because it is not possible to prepare the setup with the desired boundary conditions. 

An alternative or often complementary approach involves applying a numerical solution method. In 

light of recent advances in using computational fluid dynamics (CFD) for indoor air flow, it was decided 

in this work to test the ability of a modern commercial CFD program in investigating the density 

effects of the gases released in a low velocity environment. The software chosen for the work is Star-

CCM+ (CD-Adapco©) which uses a finite volume solving method. Apart from its effective Graphic User 

Interface (GUI), it provides specific features which present benefits for its usage in indoor air flow 

studies (see section 6.2 for more details). The driving question is whether CFD is able to predict the 

distribution routes of gaseous contaminants (with a higher molecular weight than air) and the 

temperature field in a low velocity displacement ventilated room; particularly in terms of the 

possibility of the dominance of the buoyancy effects of released contaminants. A choice of solver 

models and boundary conditions is made that provides practical results while keeping the calculation 

costs at reasonable levels.  

Further detailed descriptions of the models applied are given in Chapter 6, where the numerical study 

in this work is reported.  
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4 The Experimental Study – Part I: The Vertical Duct 

Experiment 
 

4.1 Introduction 
 

This chapter contains the procedures and results of the fundamental experiment in this work. The 

main topic that unites all the experiments of this as well as the next chapter is the phenomenon of the 

influence of gas density on its vertical distribution route.  

The setup presented in the current chapter, called the vertical duct, provides a setting for a 

fundamental study on the effects of the density of released gases on their vertical distribution 

behavior when released in a particularly low velocity air flow. One aim is to gain an understanding of 

the potential of downward distribution of gases heavier than air in spite of the existing inertial forces 

in the flow. Two different gases are compared in this regard. The experiments aim to investigate the 

limits beyond which a direct neglecting of the effects of the gas density on its dispersion pattern 

would be unjustified. The assumption examined is whether the turbulent convection and inertial force 

of the flow field (the bulk air movement) always play the dominant role as far as the distribution 

routes of gases are concerned. A concluding section at the end of the chapter details possible 

consequences of the new findings. The insights acquired are used in the next chapter for studying a 

case where the effects of density differences on the distribution behavior of gaseous emissions in a 

low velocity ventilated room are investigated.  

 

4.2 The Experimental Setup 
 

One of the first challenges was to find a way of stating the above-mentioned goal as a measurable 

experimental parameter. After considering a number of scenarios, a rather straightforward 

experiment design was chosen. It was decided to put the gravity force resulting from density 

differences of a gas-air mixture against the inertial force of an upward airflow in a particularly low 

velocity environment. Figure 4-1 shows the schematic of the experimental idea. A near zero-velocity 

gas release was planned in the downstream of a laminar upward air flow and the turning point was 

sought at which the effects of gas density start to become noticeable against the inertial forces at the 

upstream of the flow at the bottom of the setup. The possibility of the dominance of gas density 

effects was defined through a conditional function   (see Figure 4-2). This function expresses whether 

a “falling” of the employed gas was observed down to the sampling point in the upstream of the flow 

field and if so, how often it could be measured in the period of the measurement time. 
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Figure 4-2. Categorization of the outcome of function   which describes whether a “falling” of the 
employed gas was observed at the sampling point. 

 

The setup used for this idea is described in the following. It was specially designed to produce a 

homogenous undisturbed air flow. Figure 4-3 shows the schematic of the experimental setup.  
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at the sampling point 

Gas fully noticable  
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Figure 4-1. The schematic of the basic experimental design. The 
driving question is whether the gas released from the downstream 
point in the flow (upper green point) could be measured at the 
upstream (lower red point) even though the low-velocity bulk air 
movement is upward; and if so, at what conditions? 

Green Point: Gas Release Position - Red Point: Measurement 

Position;        
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Figure 4-3. The schematic of the experimental setup. 

 

It is a         long rectangular duct made of       thick acrylic glass with an experimental 

chamber of                   (length × width × height; the area between sections 2 and 3). The 

upward air flow is provided through an adjustable centrifugal ventilator. Directly under the ventilator 

is a two layer perforated metal plate with a particularly small free cross-sectional area (approx.    ) 

and implemented on both sides of the experimental chamber inside the duct are special Nylon 

textures used for homogenization of the flow (sections 1, 2 and 3 in Figure 4-3). These textures are 

made of extremely fine-woven Nylon perforations of    to        in diameter which make the air 

flow aligned and laminarised1.  

The gas is released at the top of the experimental chamber in the mid-point of the duct. A sampling 

point is positioned exactly mirrored to the release point in the upstream of the flow at the bottom of 

the chamber. The tracer gas is brought into the setup through application of a rotameter (variable 

area flow rate measurement device) and in order to minimize the undesired effects of the gas exit 

velocity from the release point, a small spherical porous medium was used. The size of the porous 

sphere is one order of magnitude smaller than the smallest dimension of the duct to support the 

approximation of the point source in the setup design. 

                                                           
1
 The usage of these Nylon “laminarisators” was adapted from their application in the overhead supply openings 

of operating theatres where they are used to produce continuous low turbulence airflow to the surgery bed. 

Air flow direction 
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Air flow measurements were carried out behind the ventilator using a calibrated orifice (SystemAir AB) 

and a differential pressure sensor (Micromanometer, Model 8704, TSI Inc.). Flow velocities inside the 

chamber were measured by a hot wire anemometer (Wilh. Lambrecht GmbH) and dosage amounts of 

the tracer gases were regulated using a laboratory rotameter (Rota Yokogawa GmbH & Co.). 

Necessary gas concentrations are measured by an infrared absorption Gas-Analyzer (ABB Automation 

Ltd.) with a time constant of      . A note on sources of error in the setup will be given at the end of 

this chapter. Figure 4-4 shows a few parts of the setup used. 

 

 

Figure 4-4. (L) The experimental chamber: velocity measurements before the start of the experiment 
using the hotwire anemometer; (R) The hotwire anemometer and the porous medium used for a 

point gas release. 

 

The usages of three layers of Nylon laminarisators in the construction of the duct leads to a flow 

regime often called quasi-laminar, indicating its particularly low-turbulence nature. Data from the duct 

show very low turbulence intensity even at the highest achievable velocity (see Figure 4-5, adapted 

from [75]). This ensures that if a gas measurement could be registered at the upstream of the flow it 

would be mainly due to gravity force and the disturbances resulting from dominating density 

differences and not because of a strong upstream diffusion as a result of the existing initial turbulence 

in the flow itself. 
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Figure 4-5. Turbulence intensity in the duct at the highest achievable air velocity is less than 0.3 %. 

 

Since the work involved particularly low velocities (     to       ⁄ ) it was important to avoid even 

slight changes in the thermal boundary conditions of the setup. The duct was placed in a ventilated 

experimental hall separated from the outside through the surrounding rooms of the building. As a 

result, during the experiments, the temperature of the hall was kept stable and insensitive to outside 

changes. In order to be able to eliminate any effects of an existing buoyancy due to thermal forces, 

temperature measurements were carried out at the top and bottom of the duct before the start of 

each set of experiments.  

Figure 4-6 shows the result of an example of these tests. The maximum temperature difference 

between the bottom and the top of the experimental chamber is less than      . 
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Figure 4-6. Temperature measurements at the top and bottom of the experimental chamber. 

 

An essential part of fundamental investigations is the design of the measurement series as well as the 

organization of experimental data. As mentioned in previous chapters, one of the established methods 

in this regard is applying a parametric study and a dimensional analysis. In the following section – 

before the experiment’s procedure is demonstrated – the experimental design is described through a 

dimensional analysis for the relevant parameters.  

 

 

4.3 The Experimental Design and Dimensional Analysis 
 

Dimensional Analysis was introduced in Chapter 3 as a useful tool; it starts with stating the parameters 

which most strongly affect the target variable. The target variable in this part of the study is a 

statement ( ) describing whether a “falling” of the applied gas was observed at the upstream of the 

flow. It represents the possibility of the dominance of density effects against the inertial force of the 

flow which is adjusted upwards. 

For an initially considered constant distance between the release and sampling point (see also 

section 4.6) in an isothermal flow,   is assumed to be a function of the following main parameters. 
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The gas dosage amount 

   

The gravitational acceleration  

  

The following general material properties and physical constants: 

            

where   and   represent gas and air respectively and     is the coefficient of molecular diffusion 

between air and the gas. (However, as mentioned in Chapter 2, in the presence of turbulent mixing as 

a result of the collision of the heavier gas and the upward air flow, the effects of the pure molecular 

diffusion,    , are assumed to be minor and therefore the diffusion coefficient is not present in the 

final list of important parameters.) 

During the course of the investigations, it was found that in order to carry out the dimensional study 

effectively, a geometrical constant reference length from the setup is required. This parameter is 

listed as,  

     

and discussed in the following.   assumes a simplified form of 

                            (4-1) 

Regarding the applied geometrical factor, in its most general form it can be a function of the setup 

characteristics, cross sectional area and the form of the experimental chamber or parameters such as 

the actual physical size of the gas point source or even the wall surface roughness of the setup. 

The gas source in this setup is approximated to be a theoretical ‘point’ whose dimensions have no 

influence on the results (see previous section). The same applies to the height of the experimental 

chamber. The space between the release point and the upper edge of this chamber (Figure 4-3 and 

Figure 4-4) is assumed to be large enough to have no influence on the release behavior. The setup 

structure’s form remains constant in different parts of the current investigations (which will only focus 

on the comparison of the density effects of the different gases). Therefore, the geometrical reference 

length (    ) is assumed constant and specific to the setup structure. Its value is defined here with the 

help of another measured parameter in the setup as, 

      √
  

 
 (4-2) 

where    is the volume flow rate in the duct.  
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The numerical value of this reference length is determined and its constancy at different velocity 

measurements is verified before the data analysis (section 4.4). In this way the setup is characterized 

before the analysis of gas concentration measurements starts. 

The second step in the dimensional study is to build dimensionless groups from the final choice of 

parameters. For this, the step-wise method of ‘Repeating Variables’ (see Chapter 3) will be employed. 

First there is a need to count the number of existing primary dimensions in the parameters of the 

problem (the bracket sign { } is used for extracting the dimensions of a quantity.) 

{ }        ;  {    }      {  }         ;  {  }        ;  {  }         ;  { }        

There are three primary dimensions in this problem:   ,   and   - (  represents mass,   represents 

time and   represents length). 

The number of the repeating parameters is equal to the number of primary dimensions in the 

problem. In most fluid flow problems a scale of length, a velocity and a mass or density are the wisest 

choices for the repeating variables. The following choice is made for the repeating parameters. 

                

The fourth step is carried out by combining each parameter with all of the repeating variables and 

forcing this combination to be dimensionless. Numbered Greek capital letters Pi (       ) are used 

for denoting the initial non-dimensional groups and    is taken as an example in the following to show 

how the procedure works.    is formed as 

            
       

  (4-3) 

Where     and   are possible exponents of each repeating variable. Writing the dimensions of the 

parameters in the M, t and L system, 

 {  }                                  (4-4) 

Since    should be dimensionless, {  }   . 

 {  }      
      
→                                    (4-5) 

therefore all the exponents of each primary dimension should be zero, 

           

       

    

Which yields              . 
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       (4-6) 

 

    
  

     
  (4-7) 

 

Using a similar procedure for other parameters we find 

    
  

  
     

      

  
 (4-8: a-b) 

 

According to the experiment’s design the defined parameter   is a logical statement (“whether or not 

gas arrives at the sampling point”) and so is without dimensions. These types of parameters remain 

unchanged in the dimensional analysis. 

      (4-9) 

Thus we have, 

                (4-10) 

 

Once identified, manipulation of the non-dimensional groups is permitted. The purpose of a 

manipulation is often to better present the experimental results or build dimensionless groups which 

are more familiar (see section 3.1.1). 

After a close look it can be seen that the group           results in 

 
          

         
     

  

  
 

(4-11) 

 

which is analogous to the established forms of the Archimedes number often used in the study of 

buoyant plumes or jets as well as in air-conditioning applications (see section 2.5). This form of the 

Archimedes number is acquired as, 
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 (4-12) 

This definition is often employed to compare the strength of the buoyant force resulting from 

temperature differences with the inertial force resulting from the convective fluid movement.   is the 

volumetric expansion coefficient and    is the applied temperature difference. The term     is the 

relative density difference between the two states of a gas with different temperatures (|   ⁄ |  

|    |). This indicates a form similar to the group in Equation (4-11). 

The non-dimensional group in Equation (4-11) - 
        

     

  

   - applies the direct density difference of 

two gases (     ) in the numerator. However, due to the turbulent mixing, the average effective 

density difference in the experiments is the density difference between the air and a mixture of gas-air 

(see the following calculation part).  

 

This notion suggested continuing the adaptation of the  -groups to build a non-dimensional 

parameter more appropriate for the comparison of buoyant forces resulting from the injection of a 

gas of different density than that of air in an upward air flow in this study. 

      
                

          

 

        

  

     

      
  

     

  

         
  

     

       
  

     

  

        

  

  

      
  

  

  

                    
  

  

(     ) 

        

  

 
     

  

 
  

  

 

The buoyant forces resulting from density differences in a gas-air mixture are due to the existence of the 
gas portion in a control volume of the air. For a gaseous mixture, 
 

 
where            are the volumetric share of each of the components and                  . 
For two gases (a tracer gas and air for example), 

 
Considering an average in the experimental chamber the mean density of the mixture can be re-written 
as 
 

 
Since in this experiment the tracer gas dosage amount    is at least three orders of magnitude smaller 

than the total air flow rate   
  

  
       , it is safe to assume          . Then, 

 

 
The resulting average effective    in buoyant forces in the flow - i.e.               - would be  
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For this, the adaptation of the group in Equation (4-11) is extended to include   . 

It can be seen that    is the ratio of the gas dosage amount over the air volume flow rate in the setup, 

since       
    . This parameter can be assumed to be the average concentration of gas in the air 

in the experimental chamber and due to its physical meaning is expressed as       hereafter. 

    
  

  
                              (4-13) 

Note that       is the volumetric gas concentration and not a mass concentration; its value is given in 

volume-ppm. 

The adapted group takes the following form: 

 
              

      
     

  
      

  
 

(4-14) 

 

This number represents the ratio of the buoyant forces resulting from the release of a gas in air in this 

setup to the inertial forces of the airflow in the experiment, and is denoted by the Greek capital letter 

 ; 

                 (4-15: a) 

   
                  

   
 

 (4-16: b) 

Where 

       
  

  
 (4-17) 

 

After the dimensional study, the function   is re-written as, 

    (
                  

    
) (4-18) 

Or 

        (4-19) 
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Experimental data was generated to investigate the validity of the foregoing hypothesis. The next 

section describes the experimental procedure applied. 

 

4.4 The Experiment Procedure 
 

Before the gas concentration measurements, the value of the reference length was calculated. For 

this, parallel measurements of velocity and volume flow rate in the setup were carried out.  

There were six velocity levels in the experiments from          to          in increments of 

        . For each velocity the corresponding volume flow rate was measured and the value of 

√   ⁄  calculated. Figure 4-7 shows the results. To examine the constancy, the standard deviation is 

calculated as         and the maximum percentage deviation from the average as      . The value 

of      is then calculated as the arithmetic mean and used as follows: 

      
 

 
 ∑√

    

  

   

   

 (4-20) 

 

Figure 4-7. Measurements to determine the value of      used in the study. 

 

Measurements at the gas sampling point in the experimental chamber were performed at an average 

rate of   samples per minute for a time at least    times the time scale of the experiment. The time 

scale was calculated using the height of the experimental chamber divided by the smallest measurable 
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The hypothesis in this modeling is, if the dimensional analysis has been performed correctly, and if 

a sufficient number of experiments can be carried out in which different values of   are generated, 

a self-similar behavior between the different series of experiments as well as a dependence 

between the values of   and the state of the defined function   must be seen. 
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velocity in the duct (assumed as         ). The independent variable parameters in the experiments 

were gas dosage amounts (  ) and upward air velocity ( ). For each velocity level the dosage amounts 

were increased stepwise from lower to higher amounts to examine the point at which the inertial 

force of the flow is no longer “strong” enough against the gas which tends to fall down due to its 

higher density. The gases applied were two commonly used tracer gases,     and     (see previous 

chapter for the corresponding gas specifications). Table 4-1 summarizes the experiments conducted 

with the gas    . 

 

Table 4-1.  Experiment series for the tracer gas    . For each velocity the gas dosage amount was 
increased incrementally. 

Experiment numbers:           

Gas used:       

Experiment 
label 

Velocity 
    

   

(  levels with stepwise 
increments of 2 units 
on the rotameter*) 

    flow rate 
    

Measurements 

                                Concentration 
Measurements (approx.   
samples per minute) at the 
sampling point for each 
experiment for the time at 
least 10 times the time scale 
of the experiments 
 

             
 
                                  

                          

        ⁄  

 

                                 

                                  

                                  

                                  

                                  

*The rotameter was calibrated for air flow measurements; the tracer gas flow rates were converted 

using the calculation tables provided by the manufacturer. 

 

Before each series of experiments, the power supply to the ventilator was checked to make sure that 

the central supply voltage for the ventilator did not fluctuate above a range of          . For each 

experiment, first the velocity in the duct was adjusted, then the dosage of the tracer gas was started 

and subsequently the measurements of the gas analyzer device took place. After each series of 

experiments, the gas dosage was stopped and the ventilator turned off. Only if the values of both gas 

concentrations and velocity went back to zero was the experiment accepted and chosen for 

evaluation.  
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4.5 Results and Discussion – Comparing     and     
 

In the experimental chamber, the tracer gas exits the source and if the air velocity is low enough it 

begins to fall locally and at the same time mixes with the upward air flow, and a subsequent dilution 

takes place. This movement down continues only to the point where the concentrations, and 

consequently the resulting density differences are strong enough to compete with the continuous 

upward inertial force of the air flow. If this “falling down” reaches the sampling point, a gas 

measurement is registered in the transient measurements and taken as a symbol of the strength of 

density differences in the corresponding experiment case. 

According to the gas measurements at the sampling point, the outcome of the   function (defined in 

section 4.2) was classified into the following three categories: 

 Category I: if ‘no gas was tra ed at the upstream of the flow’,  

 Category II: if ‘only up to maximum 10 % of the samples showed non-zero gas 

 on entrations’, and 

 Category III: if ‘the gas has fully arrived at measurement point in at least more than 10 % of 

the samples.’ 

The      value was inspired from the observations during the measurements; for each velocity at a 

certain gas dosage, a measurement case could be seen in which the non-zero gas concentrations were 

registered only sporadically (under   to     ). From that point, even a minimal increase in the gas 

dosage resulted in the repeated presence of gas at the sampling point, usually in high concentrations. 

Figure 4-8 (a-c) show sample measurements of the aforementioned three classes. 

 

Figure 4-8 (a) Category I; ‘no gas was to be traced at the upstream of the flow’. (Results from 
Experiment   ). 
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Figure 4-8. (b) Category II; ‘only up to maximum 10 % of the samples showed non-zero gas 
concentrations’. (Results from Experiment    ). 

 

Figure 4-8. (c) Category III; ‘the gas has arrived at the measurement point in over      of the 
samples’. (Results from Experiment    ). 
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If during an experiment the concentrations were continuously above the measurement range of the 

device, the measurement was terminated in order to avoid damaging the device and the case was 

classified as category III. The time     in Figure 4-8 indicates the start of the experiment; data 

collection started          seconds later to ensure the arrival of the first sample to the measurement 

chamber of the device through the connection tube.. For selected experiments the sampling bar 

leading to the sampling point was moved to measure the concentrations at points other than the 

midpoint on the same horizontal level. In all cases the gas concentrations were equal to or lower than 

the original sampling point directly underneath the gas release. 

The parameters used for the presentation and comparison of the results are  

      

And Equation (4-16), 

  
                  

    
 

For each case the   value and the mean gas concentration (or relative dosage amount) were 

calculated and plotted on a half-logarithmic scale. The results for the gas     (Experiments          ) 

are shown in Figure 4-9. 

 

Figure 4-9. The results of the experiments for      in non-dimensional form. There are three 
categories which indicate whether a falling of the tracer gas was observed at the measurement 

point or not. 
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Each line in Figure 4-9 represents the experiments for one dosage amount (rounded up to one decimal 

place). For each line there is a discontinuity (shown by square points) at which the density starts to 

have a measurable effect in the vertical distribution of the gas. Independently conducted series of 

experiments shows a similar behavior. (This assessment should be a part of experimental studies 

which make use of a dimensional analysis.) Depending on the dosage amount of the gas and the 

velocity of the air, there is a critical  -range at which the density effects of the released gas start to 

play an important role compared to the inertial force of the bulk air movement. This happens when   

reaches an average value of around      in the setup. 

Non-dimensional numbers such as   can be used in different ways for the efficient illustration of the 

results. Nonetheless, it is sometimes more perceivable to work with dimensions. In order to 

demonstrate the results in dimensional numbers, Figure 4-10 shows the measurements for the gas 

    (particularly in the range of the transition point) together with the corresponding velocities and 

measured air volume flow rates. 

 

Figure 4-10. The results of the experiment with     near the transition point in dimensional form. 

 

At particularly low velocities (         ) the effects of the density can quickly become an important 
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upward flow rate of about         and a mean velocity of         , a released amount of 

      ⁄      (molar mass:            ) causes an average concentration of       , resulting in a   

number of about     and thus the dominance of the average downward gravitational force, namely 

the falling of at least some part of     in spite of the upward bulk air flow. 

To test the non-dimensional group and carry out the investigations with another gas,     was used. 

    has a different density (much closer to the density of air in comparison to    ), a different 

diffusion coefficient and exhibits other chemical properties than     but is also commonly used as a 

tracer material. The same experiment procedure was planned for    . Table 4-2 shows the 

experiment series     to     conducted with this gas. 

   

Table 4-2. Experiment series for the tracer gas    . For each velocity the gas dosage amount is 
increased incrementally. 

Experiment numbers:            

Gas used:       

Experiment 
number 

Velocity 
    

   

(  levels with stepwise 
increments of 2 units 
on the rotameter*) 

    flow rate 
    

Measurements 

                                   

Sim
ilar to

 Tab
le 4

-1 

                                   

                                   

                                   

                                   

                                   

*The rotameter was annotated for air flow measurements; the tracer gas flow rates were converted 

using the calculation tables provided by the manufacturer. 

 

The same data analysis procedure was carried out for the outcome of the new tests with    . For 

each case the categorization of the gas measurements was conducted, and   as well as the mean gas 

concentration values were calculated. Figure 4-11 shows the results of this analysis.  
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Figure 4-11. The results of the experiments for     in non-dimensional form. Due to the gas’s 
notably lower density difference to air (in comparison to    ), there are fewer cases in which the 

gas density plays an influential role. 

 

Even when it is slightly more difficult to identify the lines representative of each dosage amount (in 

comparison to Figure 4-9), a similar pattern of behavior can be recognized for this gas as well. Due to 

the gas’s notably lower density difference to air, there are fewer cases in which the gas density plays a 

decisive role. This happened only when the velocity in the duct was lower than or equal to         . 

The  -value of the category II (“     presence limit”) in the case of using     has an average value of 

about     . Analogous behavior in the outcome of the experiments with two different gases endorses 

the influence of the chosen parameters (in the dimensional analysis) on the behavior of the final 

results. The difference between the final average values of   numbers in category II (compare 

Figure 4-9 and Figure 4-11), could be traced back to the velocities at which the falling of the gas     

was observed. These velocities amounted to values of          and         . The uncertainty of the 

measurement device rises quickly at these values and since the velocity is quadrated in the 

denominator of  , even a minor shift of the measurement from the real value (e.g. a number of 

millimeters per second) would lead to an error of several percentage points in the corresponding 

value of  . 
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4.6 The Non-dimensional Group    - Integrating the Release 

Distance into   
 

Up to this point, in order to be able to conduct the experiments with two gases under constant 

conditions and test the applicability of the method, the distance between the release and 

measurement point was kept constant. It can be assumed, though, that the lower the distance 

between the gas release and measurement point, the higher the probability of gas arriving at the 

sampling point. Given the promising results thus far, the question of whether it is possible to consider 

this distance as a variable parameter in the dimensional study now arises. This section investigates 

such a possibility1. The aim is to supplement the introduced  -group with an additional term in such a 

way that it could include the vertical distance between the gas release and the measurement point.  

Going back to the list of parameters at the start of the dimensional study in this chapter – if the 

distance between the release point and the sampling point ( ) is considered variable – it enters the 

variable list (Eq. 4-1) and the function   takes the form of 

                              (4-21) 

Entering   in the list of parameters does not change the number of the primary dimensions involved 

(M, t and L). Thus the number of the repeating variables remains the same and the choice of 

(               ) is made again for these variables. The same procedure described in detail in Equations 

(4-3) to (4-7) leads to 

    
  

      
     

  

  
     

      

  
 (4-22: a-c) 

Subsequently the parameter   needs to be non-dimensionalised. The resulting    takes the initial 

form of 

    
 

    
 (4-23) 

with   building the   . 

The   in Equation (4-16) was built using the combination of    to   . An attempt is now made to 

integrate the additional term containing    into the existing form of                  ] as 

well.  

Several scenarios have been considered. From a physical viewpoint, the new part containing    must 

demonstrate a decreased chance of gas measurements with increased distance from the release point 

(due to the continuously occurring mixing and dilution of the gas with the upward moving air). A 

                                                           
1
 In the next chapter it will be seen that the integration of the vertical distance into the non-dimensional group 

proves to be advantageous in the fundamental study of the distribution of unheated gaseous contaminants in 
the stratified region of displacement ventilation. 
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shorter distance between the release and sampling point must lead to a higher possibility of gas arrival 

at the target point and therefore a higher value for  . This distance can be reduced to a minimum so 

that mathematically: 

                    

This indicates a definite arrival of gas at the sampling point when the two points are near each other. 

Here,    is named as the new combination after the integration of   into the existing  . This notion 

suggests an inverse relation between   and   . 

     
 

 
   (4-24) 

where   is a positive number.  

The strength of the gas buoyancy forces – and so the value of    – is directly related to the average 

local gas concentrations in the flow. Therefore,    should be able to encompass the pattern of 

concentration reduction with increasing distance from the release point in this experiment. A clue to 

this pattern (and so the value of  ) is found in the following discussion.  

If the falling of a gas of higher density than air is considered separately (without any counteracting 

flow), it takes the form of a low velocity downward jet under the influence of gravity with the 

centerline having the highest concentration and the sides slowly entraining ambient air (partly 

analogic to the uprising free jet of warm air from a point heat source in an isothermal resting ambient; 

see [5]). However, with the presence of a vertical counteracting flow in the experimental chamber, the 

upward flow has an amplified dispersing and homogenizing effect on this downward movement. This 

is due to the local turbulent mixing resulting from the collision of downward moving gas and the 

upward airflow, resulting in a spreading of the gas air mixture in horizontal directions. If this sideways 

dispersion of gas can be assumed to have an axis-symmetric behavior, it makes the gas concentrations 

at each horizontal level inversely proportional to the area over which the gas is distributed. The 

greater the distance from the release point, the larger the distribution area of the gas-air mixture in 

the experimental chamber and the lower the gas concentrations. (A conical form for the gas presence 

can be assumed in this case, with gas concentrations highest near the release point and lowest at the 

bottom of the cone).  

   is therefore assumed to be inversely proportional to the area over which the gas is dispersed. This 

area itself is proportional to the square of its radius at each section. 

    
 

           
 

 

           
  (4-25) 

where             denotes the area of gas distribution at each horizontal level. Simple algebra states 

that the radius is proportional to the vertical distance to the release point:      ⁄      ⁄ , so that, 

    
 

  
  

 

  
 (4-26) 
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Considering the above discussion,    is defined as 

 
      

 

  
   

(4-27) 

i.e., 

 
   

      
     

  
      

  
 
    

 

  
 

 

    
    

               

   
   

 (4-28) 

 

In order to test the accuracy of this model, experimental data were gathered for studying the effects 

of changing the distance ( ) between the release and measurement point. The experimental setup 

was modified and the gas release point moved to give a shorter distance between the release and the 

sampling point. The same sets of experiments with two gases and different levels of air velocities and 

dosage amounts were carried out with the new  . These build experiment numbers     to       for 

the gas     and      to      for the gas     (see Table 4-3). 

Table 4-3. Experiments for the varied distance between the measurement and the gas release point. 

Experiment numbers Tracer gas used Experiment arrangements        

    …         As described in Table 4-1      

    …         As described in Table 4-2      

    …          As described in Table 4-1      

     …          As described in Table 4-2      

 

Similar to the method presented in section 4.5, the outcome of the measurements was categorized 

into three classes (to demonstrate the arrival behavior of gas at the measurement point). The values 

of    were also calculated for the previously conducted experiments     to     (Figure 4-9 and 

Figure 4-11) using the initial distance of         between the gas release and measurement point. 

The same was carried out for experiments     to     . Afterwards, the results of all experiments 

were color-coded in the three categories mentioned, and for every case the non-dimensional group 

   was plotted against the mean gas concentration. To allow the density effects of two different gases 

to be compared, the average gas concentrations (     ) are multiplied by the relative density 

difference of each gas with air (       ⁄ ) in the x-axis. (This axis then represents the average density 

difference that occurs due to the presence of a gas in air with the volume concentration of       and 

density of   ; see section 4.3). Figure 4-12 demonstrates the results of the measurements carried out 

for two different values of  , with two gases at six levels of velocity and six levels of gas dosage. 
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Figure 4-12. The results of all measurements carried out for two different values of  , two gases and 
six different levels of velocity and gas dosage amounts; categorized in three classes (see Figure 4-8 

for the definition of categories). 

 

The results suggest a coherent and similar behavior between the outcomes of different series of 

experiments with different values of  . If the combination of the velocity, dosage amount and 

distance   is such that    reaches a certain range, the density effects of released gases assume 

equivalent or dominant strength compared to counteracting inertial force of the flow field. Regarding 

the form of    applied, the group     ⁄    in    is the non-dimensionalized variable which helps 

model the vertical reduction in the gas concentration due to the mixing in this flow. The factor of 

   ⁄  then represents the part of    which attempts to take into account the dilution of the gas when 

falling. The state of function   for the experiments conducted is demonstrated in Figure 4-13. The 

average value of    for the transition cases (category II) can be calculated as              . 
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Figure 4-13. State of function   in the current setup underneath the source (see section 4.2) in the 
upward airflow with            for gases of higher density than air.    is calculated using 

Equation (4-28). 

 

Figure 4-12 can also be observed from a probabilistic viewpoint. The current data analysis divides the 

outcome into three categories. (As mentioned earlier, this categorization is made for practical reasons 

and is inspired by the early observations depicted in Figure 4-8). The red (quadrate) data points in 

Figure 4-12 represent cases where quasi-continuous measurements showed a ‘scarce presence of gas’ 

at the measurement point, i.e. under      of about    samples made in each measurement case. 

Although the values below and above this limit are all coded as blue (circles in Figure 4-12, indicating 

no gas arrival) or green (triangles, indicating certain gas arrival), the occurrence of this phenomenon 

has a continuous nature. It can be said that the lower the value of   , the lower the probability of gas 

arriving at the measurement point.  

It is important to note, however, that the exact numerical values of    also include the reference 

length calculated at the start of the experiments in this chapter. Whereas the demonstrated facts of 

proportionalities such as           or          ) (which were the main targets of the previous 

sections) are conserved, the exact numerical value of    for the      gas presence limit can deviate 

from the values indicated above in other geometrical settings.  

Further discussions regarding the outcome of the experiments follows in the concluding remarks of 

the chapter. 

 

4.7 A Note on Possible Error Sources  
 

Worth noting is the small exit velocity of the tracer gas at the dosage point itself. It was important to 

be able to assume that the downward motions of the gas-air mixture are not strongly influenced by 

the initial exit velocity of the gas from the release point so that it was possible for the gas to have a 

near zero-velocity release in the setup. The porous sphere used in this regard minimized the gas exit 
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velocity significantly; nevertheless it is difficult to fully eliminate the possibility of its undesirable 

effects. An attempt to measure precisely the gas exit velocity was only partly successful. It was seen 

that a hot wire anemometer with a minimum sensitivity of          could not register any 

movements at a      distance from the surface of the porous sphere at the highest dosage amount 

of the gas. This is not surprising, though, since analytical estimations show that with the dosage 

amounts used in this study the gas exit velocity from the porous sphere should not exceed          

(see the following calculation).  

Assuming a percentage free surface of about      for the sphere and a gas flow rate of       , the 

gas exit velocity at the surface of the porous sphere should be around          . (The radius of the 

spherical source was approximately      ). 

         
  

            
 

     ⁄

         
 

   
    

    
     ⁄

                    
          ⁄  (4-29) 

 

As far as the homogeneity of the gas release is concerned, this was examined qualitatively through 

smoke tests. (A picture of the test on a similar porous sphere can be found in Appendix C). 

Further sources of measurement uncertainties are the pressure difference measurement device 

(precision:     ) and gas dosage rotameter (with the uncertainty of      ). The uncertainties in the 

measurements of the gas analyzer, however, are in comparison less important, since the 

categorization of the results was based on the existence of non-zero gas concentrations and their 

exact amounts were of secondary importance.  

Data acquired from the hotwire anemometer (precision:         ) introduce the largest uncertainties 

into the experiments, especially at lower velocity levels. Working with particularly low velocities (< 

        ) of air in general poses a challenge, both for the velocity maintenance and its measurement. 

Slight changes in the mechanisms producing the necessary pressure difference for the airflow would 

lead to small velocity fluctuations in the flow field; the lower the mean velocity the higher the relative 

deviation from the targeted value. At the value of          an uncertainty of           results in 

       of error in the velocity readings. To counter this problem, especially in the transition area 

between categories   and    and categories    and     of the investigations, each experiment was 

conducted three times in order to lower the possibility of errors in the categorization process.  

 

4.8 Concluding Remarks of the Chapter 
 

The most important part of the findings in this chapter is the very understanding that in certain low 

velocity limits – in which the flow field lacks high inertial forces – ignoring the density of the released 

gases in investigating or predicting their distribution behavior in airflows would be a false assumption 

(or indeed sometimes the source of a substantial error).    out of the    experiments originally 

carried out showed a notable effect of the downward movement of the released gases at velocity levels 

of           and          down to a distance of at least       under the source. The mean inertial 

force of the bulk airflow was upward in these experiments, providing the strongest case to neutralize 
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the buoyancy force of gaseous materials with a higher density. In these cases there are clear examples 

where the effects resulting from the density difference play an influential role in determining the local 

dispersion routes of gases in low velocity air currents, especially when considering a gas of particularly 

high density such as    . 

In many indoor spaces with ventilation concepts which apply a low-velocity schemes, large regions 

could be found in which velocities are equal to or below the value of         . Looking at Figure 4-12, 

it can be seen that for cases corresponding to values higher than a certain amount of (       ⁄  

     ), the possibility of a dominant behavior of density effects is particularly high. This is shown in a 

close up of this range of the data in Figure 4-14. When in a certain velocity field (with similar 

magnitudes as in the current investigations) the local values of (       ⁄       ) exceed        , 

there is a particularly high chance that the different densities of present gases actively determine their 

dispersion behavior and that the assumption of a ‘passive’ contaminant results in errors in the study 

of their distribution. 

 

 

Figure 4-14. A close-up of data from Figure 4-12 for high average concentrations. 

 

One important consequence which could be additionally observed in the current investigations is that 

if an accelerated axisymmetric dispersion of falling gases in horizontal directions can be assumed, the 

decrease in the buoyancy force can be modeled proportional to       , where   is the distance from 

the gas release point. This correlates with the fact that the concentration decrease in a turbulent 

plume from a point source in a stationary environment is proportional to          [76]; indicating 

that a stronger decrease rate of concentrations can exist when horizontal dispersions occur due to an 

existing flow field in the environment. 
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In the discussions above it was demonstrated how a basic dimensional analysis can be used in a 

straightforward approach to investigate a complex phenomenon in low velocity air flows. A 

dimensional analysis starts with the basic idea that the target output resulting from an event can be 

assumed as a function of a finite number of parameters which have the strongest influence on the 

target.  

The next chapter uses the findings of the foregoing sections, applies a similar methodology, and tries 

to make a link between the outcome in this chapter and one of the comparatively less-investigated 

areas of contaminant distribution in low velocity indoor ventilation; i.e. the possible uncharacteristic 

behavior of displacement ventilation in the presence of unheated contaminants in the room. 
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5 The Experimental Study – Part II: The Displacement 

Ventilated Room with an Unheated Source 
 

5.1 Introduction 
 

In the previous chapter it was found that at certain low velocities the downward buoyant force 

resulting from the release of a gas of different density in air could become a determining factor in 

determining its dispersion route. In this chapter, one important consequence of this finding related to 

the area of indoor air quality is examined more closely using a similar methodology. 

Among ventilation concepts which make use of an air-conditioning unit, displacement ventilation is 

generally a low velocity ventilation type. An essential prerequisite for the displacement ventilation 

system to function as intended is the upward motion of the contaminants. It is desirable that the 

contaminants are released inside the influence zone of the heat plumes. Relatively higher velocities 

inside heat plumes are normally capable of transporting contaminants upward into the so-called 

polluted region in the upper zone of the room where the exhaust opening is located. In this way, 

displacement ventilation accelerates the removal of contaminants and typically provides higher values 

of contaminant removal effectiveness in comparison to conventional mixing ventilation. 

There are spaces in the stratified region of displacement ventilation, however, which contain 

particularly low velocities. Spaces outside heat plumes as well as the zone of the fresh air reserve 

away from the supply opening are among these areas (see, for example, studies such as [77], [78] or 

[79]). In these low velocity regions the inertial forces of the flow may not be strong enough to 

dominate the buoyancy forces resulting from the release of gases of a different density than air. If 

unheated emission sources are situated in these zones, it can be anticipated that the emissions from 

these sources exhibit buoyancy effects which result in a downward motion of these materials (in case 

these are heavier gases than air). In this case the greater effectiveness of displacement ventilation in 

contaminant removal would be impaired. More drastically, this may lead to a local pollution of the 

lowest fresh air reserve underneath the source – a particularly undesirable effect which undermines 

the very goal of using displacement ventilation.  

There are a number of studies which have already mentioned a possible “uncharacteristic dispersion 

behavior” of emissions from unheated sources when using displacement ventilation (see e.g. [29] or 

[4]; section 2.3.3). Initial investigations were conducted in the current study. In these investigations 

small amounts of different tracer gases were introduced through an unheated point source into the 

stratified region of a displacement ventilated room. The measurement points included areas from 

right underneath the source towards the floor as well as other monitoring points distributed over the 

floor area. It was observed that in some cases, depending on the different settings in the tests (i.e., 

the gas used, volumetric air flow rates, specific heat load, etc.), the gas was traceable inside the lowest 

fresh air layer (the so called “lake of fresh air”) underneath the source, while in other cases no such 

observation could be made. (Similar assessments were made using early CFD simulations of these test 

cases.) 
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The studies of the previous chapter have shown that the possibility of gas in a low velocity 

environment dispersing downwards may largely depend on a number of primary parameters which 

have the strongest influence on this phenomenon. Inspired by those findings, the current chapter 

applies a similar methodology and aims to take a step in studying the problem of the dispersion 

behavior of unheated contaminants in displacement ventilation. The main focus is on investigating 

possible contamination of the lowest fresh air layer and providing ways of predicting it. Both the 

experimental design used for this purpose and the specifications of the measurement setup are 

described in the following section. 

 

5.2 The Experiment’s Design and Dimensional Study 
 

The basic idea of the experiment’s design was to bring a continuous gas flow from an unheated source 

into the stratified region of a symmetric displacement ventilated room in the thermal steady state and 

subsequently investigate the presence of the emissions in the fresh air layer, especially in the area 

underneath the source.  

The experimental room in which the measurements were carried out was a ventilation inspection 

room capable of generating different ventilation scenarios. Its dimensions were approximately 

                 meters            , with insulated walls and it was built on a raised floor, 

situated in a large experimental hall. This made the temperature field around the experimental room 

less sensitive to the outside thermal conditions during the day. The supply air for the room was 

processed and provided through an air conditioning unit. The exhaust air was removed directly to the 

outside air and its flow rate was measured using a differential pressure sensor.  

Figure 5-1 shows a schematic of the experimental setup. The displacement supply opening (     

        with a perforated plate on the discharge surface) can be seen on the right hand side, with the 

exhaust distributed over three openings on the left hand side of the ceiling. The necessary heat load 

for displacement ventilation was provided using cylindrical heat ‘dummies’. These were closed hollow 

cylinders with light bulbs inside, where the electrical energy – given a steady state – was assumed to 

turn entirely into heat. 
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Figure 5-1. The schematic of the experimental room. Inlet and exhaust diffusers;    equally spaced 
heat sources (cylinders) and five measurement stands. The point source is attached to the 

measurement stand B at the height of      . 

 

The unheated gas release took place from a point source in the middle of the room (where the 

measurement stand B is located) at the height of      . This point source resembled the porous 

medium used in the previous experimental setup. The gas dosage was supplied from pressurized 

cylinders through a laboratory rotameter (variable-area flow meter) as described in the setup of the 

experiments in the previous chapter. It was essential to keep any inhomogeneity in the room air flow 

structures to a minimum and so heat sources were positioned symmetrically in the room on all sides 

of the point source, with each producing the same load.  

Measured quantities included gas concentrations, temperatures and air velocities. Gas concentrations 

were measured using an infrared gas analyzer (ABB Automation GmbH) which could carry out 

successive measurements at different points. The temperatures were recorded using thermocouples 

of type K (NiCr-Ni) with an accuracy of        and the air velocities were measured using omni-

directional transducers which measure air velocity using the principle of thermoelectric anemometry 

(Type 54T21 for indoor air flows from Dantec, Inc.). The measurement accuracy of these devices was 
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given as           . Concentration and temperature measurements were carried out at    fixed 

points in the room: on five measurement stands (see Figure 5-1) and at four standard heights 

(            and      ) as well as in the supply and exhaust openings. In various initial investigations 

it was found that both concentrations and temperatures do not change significantly above the height 

of      . Also, there was an additional gas measurement point positioned on the floor under the gas 

source. 

The values were averaged for both A and D and C and F measurement stands to build sections of AD 

and CF respectively. Moreover, there were thermocouples on each surrounding wall and on the 

ceiling. Air velocity measurements were carried out at two locations: In the middle of the room where 

the point emission source was located as well as near the supply opening to monitor the entrance 

velocity of the supply air into the room. Figure 5-2 shows a picture of the experimental room. 

 

 

Figure 5-2. The experimental room and the close-up of a measurement point. 

 

For the experiments to take place with a point source acting as an unheated emission source, it was 

important to ensure that the source was located outside any direct heat plume. Calculations of the 
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heat plume for cylindrical heat sources near the emission source (see section 2.3.4 for details) show 

that the heat plume’s radius is approximately        larger than the cylinder radius at the height 

where the contaminant source was located (     ). The distance between the centers of the two 

middle cylinders in this setup was      . Even with an estimated      increase of the plume radius 

due to its unsteady nature, the theoretical distance between the edges of plume – at the height of the 

emission source – is estimated as      . This value is an order of magnitude larger than the diameter 

of the point source itself (i.e. approx.     ). In a study by Kriegel, it was found that even at relatively 

high air change rates in the room (      ) the general influence range of such a heated cylinder (in 

terms of a heightened air quality) can reach a maximum of about       horizontally [31]. Therefore, 

the contaminant source chosen here was assumed to be well outside the heat plumes of the closest 

heat sources in the room.  

To provide ways of predicting the falling of the gases, a procedure was chosen analogic to that in the 

previous chapter. The current system is of a much higher complexity compared to the experiments in 

the previous setup. The velocity field of the regions outside the heat plumes is of a particularly low-

intensity and is not directly fixated through input variables of the problem (such as the air change rate, 

heat load, etc.), as was the case in the duct experiment. However, when applying the method of 

dimensional analysis, the fundamental idea is that an outcome is always affected by certain physical 

input parameters. The outcome which is being studied experimentally here is the possibility of the gas 

falling and its consequent traceability in the fresh air reserve beneath the release point. Using a similar 

procedure as in the foregoing chapter, the aim is to find a correlative dependence between the 

affecting parameters of an occurrence (i.e. experiment input parameters) and the targeted outcome 

(i.e. the possibility of the presence of the gas in the fresh air reserve underneath the source).  

The knowledge of the earlier studies as well as the understandings gained from the duct experiment 

played a significant role in the choice of the influencing parameters in the current study. These are 

listed as follows: 

Participating material properties and physical constants: 

           

which are the gas density, the air density and the gravitational acceleration respectively. 

The air velocity in the area of the gas release, 

  

The dosage amount of the gas, 

   

The dosage height of the point source (the vertical distance between the gas release point and the 

floor), 

  

The properties of the flow field at the floor level also affect the possibility of gas being detectable in 

this layer. Important parameters such as the rate at which this area is provided with “fresh” air as well 

as the temperature differences affect the intensity in which the gas can be measured. As a result, 
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these parameters also affect the outcome of the experiment directly. Nowotny and Feustel reviewed 

the fundamental works of several authors [32] and noted that the flow field in the fresh layer is mainly 

a function of three parameters:  

the air volume flow rate of the ventilation, 

   

the temperature difference between the supply air and the room temperature (measured at the 

standard height of       in the middle of the room),  

      

and a geometry-related factor. 

The choice of this geometry factor varies in the literature according to researcher. In some studies 

such as [80] or [4], the height of the air inlet device or its hydraulic diameter was chosen. In another 

study which investigated the velocity magnitudes on the ground, Nielsen et al. made use of the root of 

the surface area of the diffuser (√  ) in the floor-mounted displacement ventilation inlet [81].  

Nielsen did pioneering works about the flow field and the risks of draught in the fresh air layer of 

displacement ventilation and showed that the exact flow character in this area can be also strongly 

dependent on the diffuser type and size [79]. In one approach, Nielsen relates the    (the velocity in 

the fresh air layer at distance   from the diffuser) with    (the room air flow rate) through a so-called 

   value with 
  

  
   

 

 
   {  }     . In the most general form, this value itself is dependent on the 

room air flow rate, temperature difference between the supply and the room air as well as the type 

and height of the diffuser (see [79]). 

For the current investigations, the values of the room air flow rate (  ) and the temperature 

difference (     ) are already integrated in the dimensional relevance list. As for the geometry part, 

the diffuser type and size remain unchanged throughout this study. Also, according to Skistad et al. 

[4], for a diffuser stretched across the room width, the velocity in the fresh air layer will not decrease 

with increasing distance from the diffuser in the area farther away from the adjacent zone of the 

diffuser (distance to diffuser      ). Consequently, in a first approximation, the geometry related 

factor in the current study is assumed to be constant. To determine the value of this geometry factor, 

using the measured data from the setup and inspired by the findings of Nielsen, the value of       ⁄  

was calculated from the experiments (   is the room air flow rate and    is the measured velocity in 

the fresh air layer in the middle of the room       away from the diffuser). Similar to the method 

used in the previous chapter the average of the square roots of this value for all the measurements is 

taken as the geometry related reference factor and denoted as 

  

The calculation of its value is conducted in the next section before the data analysis. 

Finally, the target outcome of the experiment is the gas concentration in the fresh air layer 

underneath the source, which is denoted as, 
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Similar to the procedure carried out in the previous chapter, the possibility of density effects and the 

falling of the contaminants towards the fresh air reserve is assumed to be a function of the above-

listed relevant parameters. If the combination of the parameters is such that the density effects of the 

contaminant is “strong” enough for the emissions to reach and penetrate the fresh air reserve, then 

the measurements should exhibit distinctly higher concentrations at this level; if the contaminants do 

not reach the fresh air reserve underneath, this area should exhibit very low gas concentrations. It 

follows: 

                                     (5-1) 

where   denotes a functional relation, indices       and   represent air, gas, room and supply 

respectively. The measurements of gas concentrations in the fresh air layer were carried out at two 

points in the area below the source: at the standard height of      , and on the floor (nominal height 

of     ). The measured values were subsequently averaged.  

In the next step, non-dimensional groups were built with the parameters which are listed using the 

repeating variables. (The procedure employed is similar to the one carried out in Chapter 4 and 

therefore not repeated in full here. For more details, see also the descriptions in section 3.1.) The 

repeating variables are chosen to be as follows 

              

The resulting initial dimensionless groups are listed in the following: 

   
 

   ⁄
    

  

  
    

  

   
      

  

   
    

   

  
    

 

 
 

(5-2: a-f) 
 

For the presentation of the results of     in a more established form, the auxiliary parameter of 

exhaust concentration (  ) is employed in this study. Assuming a zero concentration level in the room 

supply air, the value of    ⁄  for each point equals the inverse of the “ventilation effectiveness” in air 

conditioning premises and is called the “contamination load (or level)”, denoted by µ (see section 

2.3.2). Therefore, 

      
  

  
 (5-3) 

After the dimensional analysis, Equation (5-1) takes the form of 

               (5-4) 

Once the non-dimensional groups are identified, a transformation of the dimensionless numbers 

generated is allowed as long as the product remains non-dimensional. The experiences already 
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acquired from the results of the vertical duct experiments are used here, and after modifications the 

non-dimensional combination   is proposed as the following: 

 
  

 

  
               

  

  
    

 

    
 

(5-5) 

The group [                ⁄ ] is similar to   in Equation 4-15 and the form of the part 

containing    (i.e.    
 ⁄ ) is adopted from the findings in Chapter 4. The successful application of    

suggested that, if the horizontal dispersion of downward falling gas at particularly low velocities can 

be assumed axisymmetric, the possibility of its presence at a lower measurement point may be 

modeled as inversely proportional to the square of the vertical distance to the release point. Using this 

simplifying assumption, the same pattern is assumed for the current study.  

The engineering judgment also played an important role in the effective placement of the  -groups in 

the above combination. For example, the part containing    resulted mainly from the following two 

basic understandings: 

First, the knowledge that an existing thermal buoyancy due to temperature differences works against 

the buoyancy forces resulting from the presence of gases of higher density in this study. This could 

occur through stronger stabilizing effects of the temperature stratification in the room (or through 

higher air densities in the air layers near the ground due to lower inlet temperatures). It implies that 

the density differences resulting from temperature differences should be in the denominator of   

(which leads to a possible reduction in  , should increases in temperature differences happen). 

Secondly, the thermal buoyancy in air has a linear dependency on temperature differences. For an 

ideal gas, the term                 ⁄  represents the relative density changes resulting from 

temperature changes (   ⁄     ⁄ ). Therefore, the group containing    is linear and not powered 

up to numbers other than one. The temperatures are applied in absolute values. Absolute 

temperatures are used here in order to avoid the mathematical problem of degrees Celsius reaching 

zero, which would lead to    , a physically inconsistent consequence. 

We find   as, 

   
  

  
 
    

     

  

  

  
  

  
 

 

     
  

  (5-6) 

 
   

     
     

  
 
  

  
  

    
 

  

     
  

(5-7) 

 

And, 

   
   

  
      (5-8) 
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5.3 The Experiment’s Procedure 
 

To study this hypothesis, ventilation properties as well as gas type and dosage parameters were varied 

to produce measurement cases. The input variables changed in these experiments are: 

- Gas type and dosage amount, 

- Air volume flow rate of the ventilation (or Air Change Rate: ACR), and 

- Specific heat load of the room (to produce different temperatures differences) 

The output variables resulting from each setup are the temperature field, the velocity field and the 

values of the gas concentrations.  

Three cases of air change rates and three cases of low to medium heat loads were chosen for the 

displacement ventilation. Table 5-1 shows the applied air change rates and heat loads. The case with  

      and       will be referred to as the ‘standard middle configuration’ in the current and next 

chapters. 

Table 5-1. The applied air change rates and heat loads. 

Air change rate (   ) Volume flow rate (    ) 

     

      

      

 

Heat load ( ) Area specific heat load (    ) 

         

        

        

 

 

The dimensional analysis above represents the method according to which the experimental data 

are evaluated in the following sections. The hypothesis is that, if the dimensional analysis has 

been performed correctly, a correlative dependence must be seen between the values of   and 

the values of  , provided that a sufficient number of experiments are carried out in which 

different values of   are generated. 
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Every case of the air change rate was combined with all the heat load levels. For each case, two 

gaseous contaminant models (    and    ) were used. All possible experiment combinations sum up 

to a number of 18 measurement cases. The distance   between the center of the contaminant source 

and the floor was      . Table 5-2 lists the measurement cases. 

 

Table 5-2. Standard measurement cases. The experiment combinations sum up to a number of 18 
measurements. 

Measurement 
series 

Measurement 
Case number 

Gas 
Dosage amount 

    (   ) 
Air change 
rate (  ⁄ ) 

Heat load ( ) 

                     

                     

                     

                     

                     

                     

                     

                     

                     

                      

                      

                      

                      

                      

                      

                      

                      

                      

 

Aside from the standard measurement series there were several supplementary measurements which 

will be considered in the following sections. These are listed in Table 5-3. 

 

Table 5-3. Supplementary measurements carried out in this study. 

Measurement 
Series 

Description 

   
Validation Scenarios: Further measurement cases in which the validity of the 
functional correlation was tested (discussed in section 5.6) 

       
Case of particularly heightened gas dosage (to examine the assumption of 
near-zero velocity gas release at the point source, discussed in section 5.7) 

      
Supplementary cases of gas release through an area source directly into the 
fresh air layer of displacement ventilation (see Appendix B) 
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The experiments were conducted when the flow and temperature fields had reached the ‘steady 

state’1. Temperatures were monitored to ensure thermal steady state. The heat load and the 

ventilation in the room were switched on for at least   hours before the start of the gas release from 

the contaminant source. (This corresponds to   times the theoretical air change in the room for the 

lowest supply flow rate.) The temperatures of the supply and exhaust openings as well as the average 

room temperature, the surface temperatures of the wall boundaries and one selected heat source 

were monitored; the maximum allowable change of temperatures in the steady state was set to 

      . Gas concentrations measurements began just before the start of the gas dosage and were 

carried out continuously. In the end, data were gathered for the last    minutes and were averaged. 

Before ending the experiment, temperatures were examined once more to ensure that the thermal 

state was preserved during the measurement time. A measurement log was used to ensure continuity 

in the implementation of different measurement cases on different dates. This included the following 

points: 

- The temperature difference between the occupied zone in the middle of the room and the 

foot height remained between     and        :                           . This criterion 

ensured a minimum amount of temperature stratification in the room and set a maximum for 

the temperature difference between ankle and head height in the sitting position (inspired 

from the practical applications of displacement ventilation). 

- The temperature of the supply air equaled         (        ). 

------------------------------ 

As mentioned in the process of making the dimensional relevance list, before conducting the data 

analysis the value of the geometry factor in this study needs to be calculated. The values of the 

measured velocities in the fresh air layer (  ) and the air flow rates from the supply diffuser were used 

to determine the geometry factor. For this, the    measurement cases listed in Table 5-2 were 

applied. Figure 5-3 shows the corresponding values. 

The results fluctuate around a certain mean value, with a standard deviation of about       . The 

larger fluctuations (compared to the previous experimental setup) are attributed to the more 

fluctuating and less homogenous nature of the discharge flow from the displacement ventilation 

diffuser, compared to the quasi-laminarised air flow in the duct from the previous setup. Moreover, it 

is possible that due to the constructive circumstances (supply duct connection point at the diffuser, 

perforated plate used to build the diffuser, small changes in the inner pressure compensating layer 

over time, etc.) the discharge behavior of the diffuser is not fully constant in all the ranges of air flow 

rates. For a first approximation to characterize the setup, an average value of           is taken as 

the geometry parameter for the experiments. 

                                                           
1 A better notion, though, is “quasi-steady.” This indicates the fluctuating and turbulent nature of low velocity 

indoor air flow, which in most cases does not reach an absolute steady state. However, the term ‘steady state’ 

will be used henceforth in the text because of its higher familiarity. 
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Figure 5-3. Measurements to determine the value of   used in the study. 

 

5.4 Data Analysis and Results  
 

In this section the results of the measurements and the analysis of the data are presented. The initial 

round of concentration measurements specifically included the points on the measurement stand in 

the middle of the room as well as the concentrations in the exhaust and supply air flow. Figure 5-4 

shows a typical concentration curve for the exhaust air from the room over the experiment’s time. 

 

Figure 5-4. Measured gas concentration in the exhaust air. The steady state values were used to 
build the gas concentration values. 
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For every point the averaged value was taken and normalized using the value of exhaust 

concentration. These values were plotted against the normalized height of the room to build 

concentration profiles, especially at section ‘B’ in the middle of the room where the emission source 

was located. See Figure 5-5. 

 

 

Figure 5-5. Concentration profiles at section ‘B’ in the middle of the room for selected measurement 
cases. 

 

The concentration profiles at section B can take different shapes. Depending on the measured values 

and input parameters, the concentrations in the fresh air layer in the middle of the room (normalized 

heights of   and     ) exhibited varied levels of gas concentration in different experiment cases. In 

some cases the fresh air layer remained uncontaminated. In other cases, however, the gas’s 

distribution route downwards resulted in contamination of the fresh air layer. Generally, the 

contaminants will not necessarily flow upwards into the exhaust layer. The typical image of 

displacement ventilation (with warm contamination sources sending the contaminants upward into 

the exhaust layer and the existence of lower concentrations near the floor) is not always present 

anymore.  
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The further data analysis and evaluation focuses mainly on the following three steps: 

 

 

Figure 5-6 shows the normalized values of gas concentration in the fresh air reserve underneath the 

source. 

 

Figure 5-6. The normalized values of gas concentration in the fresh air layer in the area underneath 
the source averaged for the height of       at section B and the additional measurement point on 

the floor (see Figure 5-1) .                ;          
     . 

 

The values shown in Figure 5-6 are averaged. In cases where high gas concentrations could be 

measured at the floor level (especially in cases of      ), the concentration values often showed 

significant fluctuations (compare average standard deviations for two measurement series), indicating 

the strong turbulent nature of the phenomena at the measurement points. This was also observed in 

the fundamental experiment in the previous chapter. In the cases of arrival of gas at the measurement 

point strong fluctuations were observed in the data (see Figure 4.8, data category III). Nevertheless, 
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once such arrivals could be registered in the steady state of the room ventilation, the presence of gas 

at the measurement points and the consequent pollution of this layer were continuously observed. 

Being aware of such fluctuations, it was decided to work with the average values in order to study a 

possible correlation between the average values of contamination levels and the function  . 

In the next step, the values of        ⁄  for all the experiment cases were noted and the   values – 

Equation (5-7) – calculated for the corresponding experiment. Figure 5-7 demonstrates the results.  

 

 

Figure 5-7.   against    for the experiment cases. 

 

The higher the value of   the higher the average concentrations measured. There is a critical range for 

the calculated non-dimensional   in this setup (approx.  ), above which the general effects of the 

falling contaminants gradually start to have enough “intensity” to pollute the fresh air layer. It could 

also be said that,  

         
      
→        

  

  
     (5-9) 

This notion is important since the advantage of displacement ventilation against the ideal mixing 

ventilation can exist only when the lower parts of the room have notably lower concentrations than 

the exhaust air. With   assuming larger values this advantage gradually disappears. 
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Figure 5-8 shows the concentrations at sections CF (near the supply opening) and AD (further away 

from the supply opening) for two cases of         and       . In        the fresh air layer was 

not markedly contaminated by the emissions, whereas in         strong gas concentration levels 

could be observed in the fresh air layer under the source. In both cases, the fresh air layer remained 

“clean” at section CF. At this section, the height of       is still under the direct influence of the 

supply air, receiving a continuous fresh air flow. However, while in the measurement case of        

the section away from the supply opening (AD) also remained uncontaminated, in the case of 

        this area is moderately polluted. The heat sources in section AD are provided with a lower 

air quality than that of the supply air in this measurement case. 

 

Figure 5-8. Normalized concentrations at sections CF (near the supply opening) and AD (further 
away from the supply opening) in cases of        and        . 

 

Considering Figure 5-7, the possibility of finding a functional relation between the influence 

parameters (the   values) and the normalized concentrations values ( ) is examined in the following.  

 

5.5 Determining a Functional Relation between   and   
 

Among the non-linear functional forms for regression analysis (suggested by DataFit Oakdale Eng. [82] 

and CurveExpert Pro. [83]), four more commonly used families of functions were considered as 

potentially applicable to the data demonstrated: A logarithmic function, a second order polynomial, 

the exponential family (basic exponential) and the basic power law function. Especially important was 

the prediction ability of the regression for the values with    . The functional forms are: 
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where  ,   and   are constants. The regression results using a least-square method are shown in 

Figure 5-9.  

 

Figure 5-9. Simultaneous regression fits for the data from the measurement series           show 
better chances for a power-law function. 

 

The R-squared values of the regression functions can be seen on the plot1. These reveal a better initial 

chance for the power law. Mathematically, a quantity   conforms to a power law if its probability 

distribution can be described by   as, 

           (5-10) 

When in the above equation the   is replaced by equality then the power-law takes the form of 

                                                           
1
 R-squared is the proportion of variability in data and a statistical measure of how well a regression line 

approximates experimental data. 
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           (5-11) 

where   and   are real constants. One of the common methods leading to the understanding of the 

possible existence of a power-law functional relation is the log-log plot observation method. Taking 

the logarithm both sides of the above equation, it can be shown that the power-law distribution 

follows 

                              (5-12) 

This implies that the data should produce a line in a double logarithmic plot, with the constant   as 

the slope of the line. If a straight line can be seen on the log-log plot of the data over the several 

orders of magnitude of  , one can conclude that the distribution follows a power-law. Figure 5-10 

demonstrates the experimental data for two measurement series. The line shown in the figure is a 

regression carried out on the data by using a basic power-law assumption. 

 

 

Figure 5-10. The experimental data on a log-log plot; non-linear regression. An observation of a 
straight line in the log-log plot is taken as a signature of the existence of a power-law. 
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The data shows a good agreement with the power-law functional form1. Many phenomena follow a 

pattern of behavior which can be estimated through a power law. (Gravitational field and structural 

self-similarity are two examples; see [84]). Power-laws belong to the category of “scale invariant”. This 

notion is important since it means that rescaling the function’s argument replaces the constant but 

not the exponent or the shape of the function itself. Due to this property, a change in the choice of a 

constant in the early dimensional analysis (which led to the formation of  ) would only mean finding a 

new constant for the functional correlation and the functional exponent remains the same. 

A certain data scatter can be seen in the measured values in Figure 5-10. The fluctuations can be 

traced back to the unstable nature of the flow at the measurement points. The standard deviation for 

the data is studied in the next section. It is important to mention, though, that with a double 

logarithmic presentation, at low values for contamination load (      ) small measurement 

deviations can show comparatively large changes in the demonstrated data. An example can be found 

in the measurement case of        (shown as a darker point in Figure 5-10 with       ). An 

increase of       in the measured gas concentration in this case would mean a corresponding   value 

of about      which gives a data point closer to the regression line2 (the accuracy of the applied gas 

analyzer in the experiments was      ). 

 

5.6 Validation Measurement Cases 
 

After the forgoing discussions, the study considered several validation cases to examine how 

accurately the fitted correlation predicted the gas concentrations when experimental input variables 

other than the ones leading to the correlation were used. The validation experiment cases were 

different in terms of the amount of contaminant (gas) emitted from the source, the air change rates in 

the room, the heat load, as well as the height of the contaminant source.  

The following procedure was applied in conducting the ‘validation scenarios’ (  ):  

After examining the existing measured data, a choice of target   values was initially made which 

covered a wide range of values between   and    (see Figure 5-10). According to this choice, 

estimations were made for the input parameters of the experiments (such as the target gas dosage or 

the supply air flow rate). These selected parameters were deliberately different to those leading to the 

correlation. The area specific heat load was fixed and chosen as         and the air change rates 

were varied between   and       (compare with Table 5-1). More importantly, in a number of 

measurements the height of the emission source was altered (see        ; Table 5-4). 

                                                           
1
 It should be noted that accurately fitting and validating power-law models are currently an active area of 

research in statistics. Recent studies (see e.g. [123]) have introduced other mathematical approaches which are 
discussed as alternative ways of discovering power-laws; a more detailed mathematical study in this regard, 
however, is beyond the scope of current investigations. A reference is made to texts such as Draper & Smith 
[124]. An observation of a straight line in the log-log plot over several orders of magnitude of   is assumed as a 
signature of the existence of a power-law over the extent of the   values examined in this study. 
2
 The exhaust concentration in        was recorded as       . 
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The validation measurement cases are subcategorized into the two classes of “additional air change 

rates and gas dosage amounts” as well as “lowered vertical distance to the fresh air layer”. Each 

category contains   cases. Table 5-4 lists the conducted experiments (compare with Table 5-2). 

 

 

Table 5-4. Conducted experiments in the validation tests.    is the nominal height of the emission 
source over the floor.        are the cases of “additional air change rates and dosage amounts” 
(compare Table 5-1) and         contain cases of lowered  . 

Initially 
selected 
  value 

Measurement 
case 

ACR 
(  ⁄ ) 

  , air flow 
rate (    ) 

Gas 
Gas 

Density 
(     ) 

Gas 
Dosage 
amount 
   (  ⁄ ) 

      

                                

                                

                                 

                                 

                                 

                                 

                                

                                

                                

                                  

                                  

                                 

 

The same data analysis procedure explained in the previous sections was applied and the final values 

of   and   were evaluated. Since the resulting velocity magnitudes and the temperature field are 

functions of the new air change rates and heat load in the room, the actual resulting values of   could 

be calculated only after the measurements. The outcome is plotted next to the data from the previous 

measurements in Figure 5-11.  
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Figure 5-11. Results from the first and second validation categories together with the data from the 
original set of experiments. 

 

A good agreement can be seen between the results for most of the   values. For all the validation 

measurements the correlation predicted whether   assumed a value larger or smaller than unity. (At 

some measurement points the agreement between the predicted value and the measured value is 

remarkable.) However – similar to the original set of measurements         – at high   values the 

data scatter around the regression curve increases drastically. Better chances of prediction for the 

functional correlation are given for lower   and   values. Generally, for cases where the 

contamination level is lower than one (   ), the agreement is better than for the cases of    . 

The value of standard deviation from the regression line for cases of     is about         , 

whereas this value is about          for cases with    .  

When all the measurements are considered, the standard deviation of data from the resulting 

functional relation is relatively large. One reason can be sought in the type of the flow in the 

measurement areas. From the viewpoint of fluid dynamics, room air flow is situated in one the most 

challenging regions of flow phenomena. In parts of the room with particularly low velocities, 

turbulence intensities can reach up to        . It can be expected from the nature of the turbulent 

mass transfer that even after the ‘quasi-steady’ state has been achieved in the experiment, there are 

still strong fluctuations in the concentration values, especially in the area underneath the source. In 

the fresh air layer the vertical buoyancy effects resulting from gas density differences, combined with 

the effects of the low velocity turbulent spreading of the fresh air, result in a complex flow field. The 

changing balance of the inertial and buoyancy forces – which are both small yet comparable in 

magnitude – results in the local altering of the dominance of one force over the other; this is reflected 

in the high fluctuations of local concentration measurements. 
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  represents the ratio of a buoyancy force over the general inertial force of the low velocity flow field. 

It can be understood as a non-dimensional group (in analogy to the Archimedes number), not only 

making use of an averaged buoyancy force but also encompassing a possible decrease in this force. 

This decreasing in buoyancy happens due the dilution of gas mixture as it moves downwards due to its 

higher density, where it dissipates and entrains air because of the local turbulences and gradually 

mixes with the surrounding low velocity ambient fluid. 

Table 5-5 and Table 5-6 show the corresponding values of   and   for the validation measurements. 

The functional form was able to predict whether the value of the contamination level was lower or 

above unity for all validation cases. For the measurements in which the point source was positioned 

closer to the fresh air layer (    to     ), generally better agreement can be seen between the 

power-law and the measured values. 

 

Table 5-5. Validation measurements. Category one: “Additional air change rates and dosage 
amounts.” (Data sorted according to the initially selected   value for the validations.) 

Initially 
selected 
  value 

Measurement 
Case 

Final resulting 
  value for the 

experiment 

Calculated   value 
through the initial 

functional  
Correlation 

Measured 
  value 

                      

                      

                        

                        

                        

                         

  

Table 5-6. Validation measurements. Category two: “Lowered vertical distance to the fresh air 
layer.” (Data sorted according to the initially selected   value for the validations.) 

Initially 
selected 
  value 

Measurement 
Case 

Final resulting 
  value for the 

experiment 

Calculated   value 
through the initial 

functional  
Correlation 

Measured 
  value 
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Using the additional experimental data, a power-law regression with a slightly better R-squared value 

now can be achieved. Applying all the measurement points (shown in Figure 5-11) to the power-law 

regression results in the following correlation. 

 
                            

(5-13: a-b) 

 

The outcome is for the average values in the lowest fresh air area underneath the source farther from 

the vicinity of the supply diffuser where a low velocity spread of the air is reached (according to [4], 

generally a larger distance to the diffuser than   meters). The study target of the contamination level 

in the fresh air layer and the averaging of the concentration values were essential for conducting this 

investigation (analogic to the choice of the three categories of gas presence in the previous chapter 

which was fundamental for the analysis of the outcome). The discussions in this chapter could 

represent a methodology to investigate an assumed ‘worst case’ in displacement ventilation: the 

pollution of the lowest fresh air reserve. This pollution can have large negative impacts on the air 

quality received by several occupants in the room. In a number of previous studies (see e.g. [8] and 

[85]) reduced ventilation efficiency was clearly observed when the contamination level in the fresh air 

layer of displacement ventilation was raised. 

The study target of contamination level underneath the source was crucial to the success of the 

applied data analysis. It is, however, important to be aware that due to the unsteady nature of the gas 

distribution from unheated sources in low velocity areas, it is still possible that a number of occupants 

are exposed to high contaminant concentrations even when the lower fresh air remains clean. The 

gases of higher density than air will not necessarily follow an upward distribution when not situated in 

a dominant upward plume. In cases where the density effects of such gases are not strong enough for 

a dominant distribution towards the fresh air layer, depending on the local instabilities, the diluted gas 

mixture may also choose horizontal routes. However, the direct contamination of the fresh air layer is 

still assumed to be a more wide-ranging phenomenon and to have negative impacts on the air quality 

of a yet higher number of occupants in the room. When dealing with rooms with predominantly 

unheated contaminants, it may be advisable to consider the possibility of using conventional mixing 

ventilation or mixing ventilation with exhaust openings positioned near the floor. Mixing ventilation 

may offer a better choice for providing the most number of occupants with an air quality as low as the 

exhaust air, but not lower. 

 

5.7 Supplementary Considerations 
 

A) As mentioned earlier, measurements were also carried out for two other sections in the room, 

section CF (between the inlet diffuser and the area underneath the source) as well as section AD (the 

area farther away from the source in the direction of the flow in the fresh air layer). Figure 5-12 

compares the average measurements at the height of       in these sections of the room with the 

measurements in the area underneath the source (i.e. Measurement section B). 
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Figure 5-12. Averaged measurements at the height of       in the other sections of the room. 

 

As can be expected, in most cases the area underneath the source represents the area with the largest 

contamination among the three sections. However, it is important to note that due to the local 

fluctuations it is not possible to completely rule out the probability of a still higher gas concentration 

in the fresh air layer between these measurement sections.  

Nevertheless, in all cases where sections away from the middle of the room showed contaminations 

(i.e. values of      ), the area underneath the source also exhibited high gas concentrations. For 

cases in which the area underneath the source showed particularly low concentrations (     ; e.g. 

cases of          and  ), the two other sections in the room also failed to show high gas 

contaminations. These data should lower the probability of a conceived case in which the fresh air 

layer somehow becomes contaminated while the area underneath the source remains at the same 

time clean. In all cases where the fresh air reserve becomes contaminated section AD also signs of gas 

presence with      . 

Moreover, the distance to the fresh air layer right underneath the source represents the shortest path 

for the contaminants to pollute this layer due to the buoyancy effects. Assuming a release into a 

particularly low velocity region (according to Figure 2-7 down to a distance of about       from the 

floor, the velocity magnitudes do not change significantly), if the density effects of gases are not 

strong enough to directly penetrate the fresh air reserve in the area underneath the source, there is a 
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very low chance that they can penetrate this level after a dilution occurring continually on their 

dispersion routes in other directions. 

The correlation in the previous section is best seen as an estimation tool to identify the point up to 

which the displacement ventilation is able to keep its lowest fresh air clean when encountering 

unheated contaminant sources. In the current study as long as   is smaller than     it is assumed that 

this layer is uncontaminated. 

 

B)  It is important to note that the assumptions leading to the functionality of a non-dimensional 

group lead to limitations for its validity region. One chief example is the determination of the 

geometry factor in the dimensional study. It was mentioned that this factor can – in its most general 

form – be a function of other geometrical parameters in the room such as the type or size of the 

supply diffuser. Therefore, care should be taken in generalizing the numerical values of the results to 

other geometrical boundary conditions. Whereas the demonstrated proportionalities such as 

       (to determine a dependence of distance to the fresh air layer) or            (to 

compare different dosage amounts and gases) maintain their validity, both the geometrical factor and 

the coefficients of the power law function may have to be revised for other geometrical settings.  

Another example can be found regarding the gas exit velocity from the point source. It was mentioned 

before that the experiments were conducted with the assumption of a near zero exit velocity for the 

contaminants from the point source to minimize the effect of the gases’ own exit momentum on their 

distribution pattern. To investigate this assumption, the measurement case of “particularly 

heightened gas dosage” was considered. An especially enhanced dosage amount of     was chosen 

corresponding to approximately   times the usual dosage amount used in the main experiments. This 

resulted in a   value which predicted a contamination underneath the source with    . Table 5-7 

and Figure 5-13 show the selected experiment and the results in this investigation.  

 

Table 5-7. Experiment parameters for the case of       : “particularly heightened gas dosage”.  

Measurement 
case 

Gas    (   ) 
ACR 

(  ⁄ ) 
Specific Heat 
load (    ) 

Resulting 
  value 

Calculated 
  using the 
correlation 

Measured 
value of   
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Figure 5-13. Experiment results for the measurement case of       . 

The discrepancy between the predicted and measured values of   in        is much larger (an order of 

magnitude) than could be understood as the measurement data scatter. The reason for such a 

deviation can be sought in the heightened dosage amount which violates the assumption of a 

contaminant release outside the heat plumes. Due to the relatively high gas exit velocity (with an 

estimated value of about         ) the contaminants could reach the areas over or in close proximity 

to the heat sources directly after the release. This challenges the assumption of an unheated 

contaminant source. The assumptions leading to the choice of the parameters in the dimensional 

study are no longer satisfied in this case.  

A summary of the boundary conditions in this study is listed in the following: 

 Room air flow type: Displacement ventilation in quasi-steady state without local strong 

disturbances 

 Gas release from a point source outside any direct heat plume in the stratified region  

 Air change rates (ACR):         

 Applied heat load: ca.              

 An assumed zero velocity gas release  

 Supply diffuser: situated on the ground stretched across the room width 

 Gas concentration measurement points: outside the adjacent area around the diffuser 

(Distance to the diffuser >    ). Maximum measured velocities in the fresh air layer at these 

points were             
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C) Finally, it was pointed out at the start of this chapter that at least two general zones in 

displacement ventilation exhibit low velocities that overlap with those found in the studies in the 

previous chapter. One of these zones is the stratified region outside the heat plumes, but the area 

close to the floor away from the supply opening can also exhibit a low velocity character. In 

displacement ventilation, it can be assumed that if gaseous contaminants of a higher density than air 

are directly released in the area close to the floor it would be particularly undesirable for contaminant 

removal effectiveness. This assumption was investigated for completeness and is briefly reported in 

Appendix B.  

 

The research area of distribution possibilities for unheated gaseous substances which are released in a 

low velocity environment is vast, especially when no dominant direction can be defined for the local 

air velocities at the release points. Further numerical or targeted experimental studies can provide 

information on the probabilities for different distribution routes. The current investigations were a 

demonstrative example of the methodology that can be applied in such studies and a presentation of 

the possible impact of the gas’s density difference to air in low velocity areas, where the neglecting of 

these density effects can be a significant source of error.  

The next chapter is concerned with the application of the computational fluid dynamics to a case of 

the unheated point source studied in this chapter. 
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6 The Numerical Case Study of the Unheated Point Source 
 

6.1 Introduction 
 

The study in the previous chapter pursued a systematic approach towards the phenomenon of 

unheated gaseous contaminant sources, with a number of novel results. Conducting experiments is 

often expensive and time-consuming and air conditioning design processes are increasingly being 

informed by numerical flow simulations. In the final part of the work, it was decided to see how 

effectively the numerical method available in commercial software can predict the possible downward 

spreading behavior of the contaminants and how different this behavior is from the simulation with 

the assumption of a fully passive contaminant.  

There are three basic classes of errors which are generally associated with the application of 

Computational Fluid Dynamics (CFD): model, truncation and iteration errors. A thorough discussion of 

these three error classes can be found in [86]. Apart from these inaccuracies, which are inherent in all 

CFD applications, there are particular challenges associated with the usage of CFD in studies of 

contaminant distribution in a low velocity indoor environment. The difficulties can be categorized in 

the following. It is important to be aware of these challenges, since they often affect the modeling 

decisions made. 

 Low velocity indoor environments often experience several categories of flows at the same 

time. Short range wall jets (near the supply openings), free convective streams (around the 

heat sources), sink flow (close to the exhaust diffuser) as well as stagnation areas are present 

in different regions simultaneously. CFD has developed different modeling strategies which 

are optimized for the solution of the transport equations for each flow field category. A choice 

of one model which performs best for a certain flow often results in its suboptimal 

performance in the other category (see [87]).  

 The equipment, furniture and occupants in indoor environments demonstrate particularly 

complex geometries when considering the desired solution which often aims for the small-

scale flow structures such as those affecting the local diffusion of contaminants in the space 

[88]. This can be a challenge especially in the process of generating a high quality numerical 

mesh. 

 Radiation modeling often results in higher model complication and computational cost, but it 

cannot be ignored in the simulations of the indoor air flow. Even though temperature levels 

are not as high as, for example, internal combustion engines, due to comparably large 

interacting surface areas, radiation could have a significant effect on the thermal energy 

transport. The temperature differences in turn have a decisive influence on the air flow and 

stratification in the room and thus on the contaminant distribution pattern. It is important to 

apply a radiation model when possible (see [89] and [31]). 

 The applied boundary conditions are often difficult to characterize exactly. This is due to the 

relatively large areas often being simulated. Local deviations from a uniform thermal 

boundary condition – an adiabatic condition for example – are common in practice. 

 In low velocity ventilation concepts, modeling the areas with flow regimes which demonstrate 

the character of a particularly low impulse flow poses a challenge for CFD. Whereas the area 
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above a heat source demonstrates a turbulent flow character, the regions between the heat 

sources often lack a strong momentum in the fluid flow and can generate intermittent areas 

of transient to laminar air streams (see [90] or [87]).  

 One additional point which makes the practice even more difficult is the fact that the “user” is 

often interested in the secondary aspects of the flow field such as the whole comfort state or 

the concentration field of a contaminant [88]. The results should be highly accurate to fulfill 

the needs of the applications. A slight over-prediction of the local gas concentrations, for 

example, could easily result in the exceeding of the odor threshold. Whereas a change of 

         might be considered minor in many CFD applications, in studying the distribution 

behavior of contaminants in low velocity areas this change can mean the difference between a 

polluted and a clean breathing area. 

 

Figure 6-1. Particular challenges associated with the application of Computational Fluid Dynamics to 
studies of contaminant distribution in indoor airflow. 

In spite of these challenges (illustrated in Figure 6-1), indoor ventilation design is increasingly informed 

by CFD applications. It was demonstrated earlier that in certain cases in stable displacement 

ventilation, the emitted contaminant’s density can influence its path downwards into the fresh air 

reserve, partly impairing the ventilation’s contaminant removal strategy. The aim of the current 

chapter is to investigate the capability of commercial CFD software to numerically predict the flow 

field and the above-mentioned phenomenon. The focus will be first on the resulting temperature and 

velocity values followed by the dispersion of gases emitted from an unheated point source in the 

middle of the room. 

 

Simultaneous 
presence of different 

flow categories 

Complex 
geometries 

Radiation 
modeling 

High accuracy 
demand of the 

"user" 

Exact definition of  
boundary 
conditions 

Laminar vs. 
Turbulent flow 

character 

Challenges of CFD in the 

calculation of 

contaminant distribution 

in indoor air flow  



The Numerical Case Study of the Unheated Point Source 

 

103 
 

6.2 The Approach 
 

The software chosen to work with in this study is Star-CCM+ (from CD-adapco©). It is a wide-ranging 

package which was initially mainly used in the automobile industry and was gradually developed to 

address other industrial and research problems in recent years. This code offers integrated grid 

generating, modeling and visualization environments and uses a finite volume solving method.  

Apart from its effective Graphic User Interface (GUI), the software provides several features which 

present benefits for its usage in the current study. First, the implemented “All-y
+
” approach practically 

lifts the need for a choice of the necessity of wall functions for turbulence modeling in advance. The 

software calculates the y+-value in the first cell near the walls and chooses accordingly whether an 

implementation of a wall function is more suitable (This has been a challenge, especially in the area of 

low-velocity indoor ventilation with areas of both low velocity, like the occupied zone, and high 

velocity, such as surfaces in the direct vicinity of the in- or outlet diffusers). Second, the code provides 

the possibility of using a type of unstructured mesh called polyhedral meshing. As will be discussed 

later, polyhedral meshing offers one of the most efficient ways of filling the space with control 

volumes. This presents an advantage in modeling relatively large domains of indoor space. Moreover, 

CCM+ offers the choice of the wall boundary condition “Environment” which presents a condition 

closer to “reality” in that it attempts to simulate even the heat loss that occurs due to minor 

temperature differences in spite of the application of insulation in the experiments (which is 

conventionally simulated as an ‘adiabatic’ boundary condition). This boundary condition includes the 

temperature value in the surrounding area outside the walls as well as the heat transfer coefficients. 

The values chosen for this boundary condition are given in the next section. 

When choosing an approach, it is important to consider the level of details up to which the solution is 

sought. It was decided in this study to select solver models and boundary conditions, which give 

consistent results (with the experiments) while keeping the calculation costs at reasonable levels. 

Therefore, the RANS (Reynolds-Averaged-Navier-Stokes) approach and the polyhedral meshing were 

chosen for the investigation1.  

The driving question is whether CFD is able to predict the downward distribution routes of the 

gaseous contaminants as well as the temperature field in the low velocity ventilated room presented 

in the previous chapter. The calculations are carried out for the steady state. Analogic to the 

experiment’s procedure, first the steady state velocity and the temperature fields were obtained and 

then the gas release was initiated.  

For the comparison of numerical and experimental results, the ‘standard middle configuration’, case 

of         (see Table 5-2) with values of ventilation rate of       and heat load of         was 

chosen. First, the temperature and velocity fields are considered. Afterwards, the presence of a falling 

down of gases into the fresh air layer (as observed in the experiments for this study case) is 

investigated.  

                                                           
1
 It does not make any sense, for instance, to invest computational costs to reduce the discretization errors from 

the magnitude order of      to      if the estimated model errors are generally of the order of    [12]. 
Moreover, more complex models do not necessarily mean better results; unnecessary complications often 
manifest themselves in numerical errors [117]. 
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6.3 Geometry and Boundary Conditions 
 

The geometry simulated is the room described Chapter 5. It contains the displacement ventilation 

inlet, cylindrical heat sources, contaminant sources, and the exhaust opening on the ceiling. Figure 6-2 

shows the geometry of the setup used. The room dimensions are                  meters; (see 

section 5.2 for more details).  

 

Figure 6-2. The schematic of the simulated room. Left: the displacement supply vent on the right 
bottom side and three exhaust vents on the left side of the ceiling. Right: the numerical domain and 

the    equally spaced heat sources (cylinders). 

 

The boundary conditions were set as follows. For the surrounding walls, the ceiling and the bottom 

floor the thermal boundary condition “Environment” was chosen. This boundary condition can also 

simulate the heat flow through the insulation in the steady state. For all the surfaces the value of 

external heat transfer coefficient was taken as         . Table 6-1 shows the average values applied 

in this case. (The room was built on a raised wooden floor, according to which the values for the 

bottom floor are estimated slightly differently than those for the walls.)  

Table 6-1. The average values assumed for the thermal Environment boundary condition. 

 Walls and the ceiling The bottom floor 

Thermal Resistance (    ⁄ )           

External Heat Transfer Coefficient (      )       

Ambient Temperature ( )         

 

The velocity boundary condition was “no-slip” for the walls. The supply inlet was chosen as a “velocity 

inlet” and the ventilation exhaust as a “mass flow outlet”. The inlet boundary condition was extended 

to about three times the hydraulic diameter of the opening to simulate a generally better developed 

flow for the inlet condition. A similar procedure was carried out for the outlet boundary condition. The 

mass flow outlet condition was assumed to imitate the real-case experiment, where the exhaust 

volume flow rate for the room was regulated separately using an adjustable ventilator. The cylinders 

were simulated as a “heat flux” boundary condition and considered to be whole-surface homogenous 
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heat sources with the factor of emissivity of     (the approximate emissivity factor for black paint 

which was applied on interior surfaces). The contaminant source was defined as a mass flow inlet. 

 

6.4 Grid Generation and Solver Models 
 

In these investigations an unstructured polyhedral mesh with prism layers (boundary layer mesh) was 

applied for the grid. Mesh refinement was applied for the areas around the emission source, the heat 

sources, the inlet and the exhaust openings. For the heat sources the number of the prism layers was 

chosen as    with a stretching factor of     and a total layer thickness of         , in order to have a 

smooth transition between the wall area and core region of the solution domain. Before running the 

calculations for the mesh independence study, an initial mesh quality investigation was carried out to 

make sure that the index of general mesh quality [91] was above the value of     for at least      of 

the mesh. (The mesh is assumed to have a good overall quality when the minimum value for the 

general “cell quality” is about    1.) The minimum registered cell quality in the domain was      and 

the relative number of cells with a cell quality between      and     was lower than        . Of high 

importance was the cell quality around the heat sources. This value was around     for the main part 

of their surface (see Figure 6-3), with a value between     and     at the edges.   

Figure 6-3 shows the quality of the mesh in two cross sections in the geometry as well as on the 

cylindrical heat sources.  

 

Figure 6-3. The general quality of the mesh in the geometry. 

The equations solved in the simulations were based on the following modeling assumptions. The flow 

was assumed as turbulent and governed by the Navier-Stokes equations using the approach of RANS 

                                                           
1
 The algorithm to calculate the general cell quality applies a combined Gauss and least-squares method for cell 

gradients. It consists of the relative geometric distribution of the cells compared to each other, and the 
orientation of the cell faces. (Normally, cells with particularly non-orthogonal faces have a low quality. The cell 
quality for a “perfect” cell is 1 [91]). 



The Numerical Case Study of the Unheated Point Source 

 

106 
 

(Reynolds-Averaged Navier-Stokes), where turbulence is modeled by applying the concept of 

turbulence viscosity. For turbulence modeling the k-ε model (realizable) was chosen. k-ε is still one of 

the most widely used models for numerical simulation in indoor air flows [92]. In the case of 

buoyancy-determined flows, Van Maele and Mercy [59] showed that the k-ε realizable model had a 

better performance than the standard k-ε model in predicting different buoyancy plumes. The 

transport equations which were solved for turbulence energy and dissipation in this model are 

formulated as follows: 
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In these equations,    and    are the molecular and turbulent viscosity,   is the coefficient of 

expansion,   is the mean rate-of-strain tensor,    and    are turbulent Prandtl numbers for   and  , 

and   ,   ,    ,     are model coefficients (see [93] and [91]). The two-layer model of Xu which has 

been validated in several cases of mixed and natural convection [94] is implemented. According to Xu 

and Chen (see [95]) this model can provide a good performance in predicting indoor air flows under 

various conditions ranging from forced to purely natural convection flows. 

 

The radiation model of surface-to-surface was applied and for the gas distribution study, it was 

assumed that the two gas components are non-reacting and mixed at a molecular level (multi-

component model). The turbulent Prandtl number,    , and the turbulent Schmidt number,     , were 

assumed to be equal to each other through the heat and mass transfer analogy [96]. A value of     

was chosen for these numbers [56]. The applied method was a finite volume technique with second 

order spatial discretization scheme [97] and the discrete system of equations was solved iteratively 

using the algebraic multi-grid (AMG) method with the SIMPLE algorithm and a pseudo-transient time 

marching technique [91]. Table 6-2 lists the important solver parameters used in the study. 
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Table 6-2. A list of the important solver parameters used in the study. 

Solver 
 

Steady  

Segregated Flow, Temperature and 
Species Formulation 

Turbulence Reynolds-Averaged Navier-Stokes 

Realizable K-Epsilon Model 

Two-Layer All-y+ Wall Treatment 

Buoyancy-Driven Model [94] 

Radiation Gray Thermal Radiation 

Surface to Surface Model 

Species Concentration 
 

Multi-Component 

Chemically Non-reacting 

Further settings Incompressible Flow 

Ideal Gas  

Presence of Gravity  

 

The calculations were considered converged when the normalized residual values dropped below 

    , the target average temperature values remained unchanged to the second decimal place and 

the mass imbalance in the domain was below 0.01 %.  

 

6.5 Mesh Independence Study 
 

It is important for every numerical investigation to carry out a form of mesh independence study to 

ensure the minimization of discretization errors. Discretization errors manifest themselves especially 

in the difference of the results on two differently sized grids. 

In the mesh generation procedure in this study, the global meshing parameters in the geometry were 

set relative to a cell size value called the base size. By changing the base size the mesh density changes 

at all regions in a consistent manner.   levels of mesh density were studied. For the last three levels 

the base size was chosen so that it resulted in a doubling of the number of cells in each step (see 

guidelines of mesh independence study in [86]). If the relative change in the values of the chosen 

criteria were lower than      then the results were considered as mesh-independent in these 

investigations. Figure 6-4 shows the results. Demonstrated here are the values of the average surface 

temperature of the heat sources and the average temperature in the fresh air layer (      height) in 

the room. The difference between the surface temperature of the heat sources and the ambient fluid 

is a determining factor for the velocity field and temperature stratifications in the room. The amount 

of this surface temperature also has an impact on the radiation heat which is transported between the 

heat source and wall surfaces in the room.  
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The calculated discretization error according to Richardson extrapolation [86] is of the order of      

in the applied mesh. 

 

Figure 6-4. Average surface temperature of the heat sources and the average temperature in the 
      height in the room as a function of different mesh densities. 

The applied polyhedral meshing is advantageous in several ways. Generally polyhedral meshes consist 

of cells with    to    faces [91] which is close to being one of the most efficient ways of filling the 

volume1 ([103] and [98]). Also, given their large number of faces, polyhedral cells assist the 

propagation of numerical information in a more effective way than lower order polyhedrons such as  

tetrahedrals which only communicate with four neighboring cells. A polyhedral mesh communicates 

with    to    cells, resulting in a generally improved rate of convergence in large domains. It should 

be noted that polyhedral cells are by no means the best for all CFD problems. However, they generally 

provide a better way of filling the volume mesh, in terms of cell count and overall mesh quality levels. 

For a given resolution level, a mesh of polyhedral cells has fewer faces than a mesh of any other 

unstructured cell type [99]. This is particularly advantageous when dealing with relatively large 

solution domains such as indoor environments.  

In Figure 6-5 the value of resulting y+ from the mesh independent solution is demonstrated. It is 

important to examine this value to ensure that it coincides with the pre-requisites of the chosen 

model. Here the aim was to keep the y+ value at areas around heat sources such that no wall functions 

are applied in this region. The average y+-value on the heat sources in this study is     . 

                                                           
1
 In 1887 Lord Kelvin proposed the so-called Kelvin problem, considering how space could be subdivided into 

parts of equal volume with the smallest surface area between them. His answer was the bi-truncated 
honeycomb (called the Kelvin structure), which is a 14-sided space-filling polyhedron. (The Kelvin solution was 
known and accepted for more than 100 years, until the introduction of Weaire–Phelan structure in late 20

th
 

century which is only marginally different from the Kelvin structure [125]).  
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Figure 6-5. The y+ value in the simulation domain. 

  

6.6 Results and Discussion 
 

Figure 6-6 shows the normalized residuals for the standard case applied in this study (      and 

       ) as well as the development of the average surface temperature of the heat sources and 

fresh air layer over iteration steps. (This type of double assurance is recommended by Ferziger and 

Peric [86]). It can be seen that all the residuals dropped well below      after about      iterations 

and the temperatures reached a stable value after about      iterations. 
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Figure 6-6. Normalized residuals and the development of the average temperatures (for the case of 

      and         heat load). 

The temperature profile is often the first step in determining whether a simulation of the indoor 

environment is providing reliable results. Incorrect simulation of the temperature field would 

negatively affect the final resulting velocity field which in turn influences the contaminant dispersion 

pattern in the room. In Figure 6-7 the resulting temperature stratification in the middle of the room is 
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compared with the available experimental data in normalized form. The overall relative difference 

between the numerical and experimental results is about 9 %. 

 

Figure 6-7. The temperature stratification in the middle of the room; the comparison of the 
numerical and experimental results.  

During the course of simulation optimizations for temperature and velocity fields, it was found that 

using “more realistic” boundary conditions led to better convergence and results in the velocity and 

temperature fields. These improvements included local minor changes made in the geometry, such as 

implication of small fillets which are standard for real objects rather than the perfect edges of     

typical of mathematical shapes. This often resulted in a mesh of a higher quality, especially in places 

where a strong change in the velocity vector could be expected. Figure 6-8 shows a close-up of mesh 

around the edge of the exhaust opening in two cases. In one case the edge has a value of    degrees, 

in another case a small fillet (with a radius of     ) was applied in the geometry before the grid 

generation process. It can be seen that the general cell quality value increases about     units at these 

points. (The same procedure was carried for appropriate edges on the inlet opening). 

  

Figure 6-8. The mesh around the edge of the exhaust opening in two cases. 

Also, as mentioned in section 6.3, the thermal boundary condition of Environment was applied. In 

spite of attempts to keep the temperature of the surrounding experimental hall equal to the average 

temperature in the room, it could be observed in the experiments that the local temperature 

differences between the room and the hall led to a minor heat loss despite the insulated walls; (the 
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experiments were carried out in the steady state at least   hours after the ventilation system and the 

heat sources had been turned on). Early calculations showed that values of heat loss up to         

of the total heat generated in the room could occur due to the relatively large surface areas of the 

walls. Only after the implications of such measures could the room temperature stratification be 

modeled with reliable accuracy. Figure 6-9 shows the smoothed contours of the resulting temperature 

field for the ventilation case with       air change rates and       ⁄  heat load. Figure 6-10 shows 

the contours of the velocity field for the same case. 

 

 

Figure 6-9. Contours of the resulting temperature field (ventilation case:        and      ⁄ ). 

 

Figure 6-10. Contours of the resulting velocity field (ventilation case:       and      ⁄ ). 
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Generally, in regions with no dominant air stream (e.g. not in the vicinity of the opening vents or 

above heat sources) particularly low velocities are modeled (values of           ). The velocity 

magnitude in the fresh air layer assumes slightly higher values (see Figure 6-10; plane section of       

height) than the area between the heat sources in the stratified region.  

Figure 6-11 shows the contours of the velocity magnitude for the horizontal room sections of     and 

      height for the case of       and         in which the highest velocity magnitudes can be 

expected in the initial set of eighteen experiments conducted. The height of       represents the area 

between the heat sources at which the gas release took place and       represents the zone of the 

fresh air layer. 

   

Figure 6-11. Contours of the velocity magnitude for the horizontal room sections of     and       

height for the case of        and         1. 

Table 6-3 provides a comparison of the maximum velocity values acquired from the measurements as 

well as the simulation. The values are given for two heights in the middle of the room for the same 

ventilation case of       and        . For the numerical calculation a small spherical sample point 

with a radius of        was assumed to acquire velocity values for the same region where the 

anemometers were positioned in the experiments. 

Table 6-3. The maximum velocity values recorded from the experimental and numerical study in the 

middle of the room in section B for the case of      ,         in the fresh air layer and at the 
height of the point source. 

Velocity value (   ) 

@       @       

Experimental value  Numerical value Experimental value Numerical value 

                        

 

At low velocities the acquisition of the exact values is especially challenging both from the 

experiments and the simulations. According to the standard of DIN EN 13182 [100], when using 

thermo-anemometry, the measurement uncertainties can reach values of up to      when the 

velocity values are as low as          in airflows. Nevertheless, it was important in this study to 

                                                           
1
 A selection of images can be found in Appendix C which includes a qualitative demonstration of the 

acceleration of the flow field around a heat source seen in Figure 6-11 (left). 

The point 

source location 
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confirm that the velocity ranges simulated in these areas were in the same range of low velocities 

measured in the experiments which indicate a low inertial force. 

After reaching an acceptable solution for the temperature and velocity fields, the gas model was 

applied (using the single-phase non-reacting multi-component model). The tracer gas     was 

introduced with a nominal dosage of         (similar to the experimental study) through a spherical 

source by applying a ‘mass outlet’ boundary condition. To demonstrate the possible effects of the 

presence of unheated emission sources with a higher density than air, the velocity vectors in section B 

as well as the contour plots of the normalized molar gas concentration (the contamination load) are 

shown in Figure 6-12 and in Figure 6-13 respectively. 

 

 

Figure 6-12. The velocity vectors in the B-section (see Figure 5-1) in the middle of the room with an 
unheated gas point source. 

 

It can be seen that the downward density effects of the released gases can become a determining 

factor when these releases are in a low velocity section of displacement ventilation. The velocity 

vectors in Figure 6-12 explain the effects which were observed through concentration measurements 

in section B in the previous chapter; (see Figure 5-5). It can also be seen that the heat plume of the 

surrounding heat sources does not directly interact with the release point of the gases. The 

assumption of an unheated source can be confirmed.  

This downward movement of contaminants (in cases using a low ventilation rate and a heavy gas) may 

reach the fresh air layer underneath the source and markedly pollute it (see Figure 6-13). This was also 

observed in the measurements in the previous chapter. It can be seen in Figure 6-13 that the heat 

sources closer to the emission source are more strongly affected by the gas release. Close to these 

heat sources the value of the contamination load is clearly above unity.  
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Figure 6-13. Contour plots of the contamination load for     released from a point source in the 
middle of the low velocity ventilated room. 

 

In this setting, the gas concentrations above the height of       in the main part of the room reach 

values which are comparatively similar across the whole room and which are close to the value in the 

exhaust layer (similar to the ideal mixed ventilation; see Figure 6-14 and the section plane with the 

exhaust openings in Figure 6-14).  

A cross section at the height of       (the breathing height) with a top view in Figure 6-14 shows that 

the area above most of the cylinders which were not contaminated directly by the emissions 

demonstrated a slightly better air quality than the exhaust air indicating the presence of relocated air 

of a better quality from the fresh air layer. On the other hand, the area above the cylinders whose 

fresh air reserve was markedly contaminated showed slightly higher gas concentrations than that of 

exhaust air.  
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Figure 6-14. Contour plots of the contamination load; a cross section at the height of      . 

 

Figure 6-15 compares the average values of contamination load in the fresh air layer underneath the 

source with the results from the experiments as well as with a case in which the tracer gas was 

modeled as a passive additive to air. In qualitative terms, the multi-component model is able to 

predict the general downward distribution of gases as well as possible contamination of the fresh air 

layer. In quantitative terms for average values, it over-predicts this pollution by about      in this 

case. Its performance, however, is generally much better than a solution model which assumes a 

passive tracer behavior as far as the density differences are concerned. The passive tracer model 

predicts concentrations values in this area which are lower than the exhaust value (   ). 

 

Figure 6-15. The value of contamination load in the fresh air layer underneath the source in different 
investigations. 
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In comparing the numerical and experimental results it should be kept in mind that the experimental 

values in cases with     represent the average of a highly fluctuating concentration data at the 

measurement points (see standard deviation values in section 5.6). Besides, the calculations made in 

this chapter are carried out under the assumption of a steady state. It can be assumed that an 

averaging of the numerical concentration data within an unsteady solution could lead to a better 

agreement between the experimental and numerical results. This can be taken into consideration in 

further investigations. 

In many studies using a CFD calculation for the indoor air flow, the tracer gases which were applied in 

the respective experiments are modeled with a passive tracer assumption. This is considered in the 

current investigations to examine how a passive tracer model simulates the distribution behavior of 

gases emitted from the same source. The resulting values of contamination load were compared in 

Figure 6-15. Figure 6-16 demonstrates the contours of   for the simulation of a tracer gas released 

from the same source in this study using a passive tracer assumption. 

 

 

Figure 6-16. The concentration contours of a tracer material released from the same point source in 
this study using a passive tracer assumption. 

 

By comparing Figure 6-16 and Figure 6-13, significant differences can be seen between the patterns of 

dispersion for the same amount of gas simulated using a passive tracer assumption and a density-

calculating multi-component model. If a gas of significantly higher density than air is released into this 

flow field, the buoyancy effects – especially determining the onset of the distribution – could strongly 

affect the general pattern of this distribution. If the gas can be assumed passive however, a more 

diffusive character can be seen in the vicinity of the source. The assumption of the passive 

contaminant distribution should be applied only with care. A thorough study of the velocity field is 
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advisable in advance in order to be able to exclude the possible dominance of density effects of the 

emitted gases in similar studies. 

The numerical investigation reported in this chapter was able to simulate the effects which were seen 

in the previous chapter. Given a sufficiently accurate simulation of the temperature and velocity fields, 

the multi-component model applied in the current study showed a clear effect of the downward 

falling of the emitted gases from the unheated source.  

When investigating the distribution patterns of gaseous contaminants, it may be assumed that their 

own buoyancy effects can be neglected due to the small gas amounts released. Yet the results of this 

numerical study (which were qualitatively consistent with the experiments reported in the previous 

chapters) suggest that if this release takes place in a region where the disturbances and other forces 

of the air flow are also minor, these buoyancy effects may start to play an important role in 

determining the spreading routes of the contaminants, especially the onset of their distribution. 

It was seen that if a dominance of the gas’s own downward buoyancy effect occurs, then an unheated 

gaseous emission source might become a disturbing factor for some low velocity ventilation concepts, 

especially for those systems which use the stable lower fresh air layer as a source of low-contaminated 

air. This possible downward motion of contaminants may result in local pollution of the fresh air layer 

which would in turn impair the advantage of having a fresh air source for several heat sources in the 

room. It can be particularly critical for occupants in the direct vicinity of the contaminant source. 

Numerical simulations for airflow and contaminant dispersion in indoor spaces are being widely used 

with increasing frequency both in fundamental studies and in industry. If applied appropriately, CFD 

can be efficiently used in applications such as optimum sensor placement, in developing fast decision 

making strategies and in qualitative and quantitative assessment of the dispersion behavior of 

pollutants in indoor spaces which are in the planning phase. 
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7 Conclusions and Outlook 
 

This thesis contained three interconnected sections. The first experimental part followed a 

fundamental approach towards the study of the possible density effects of released gases in a low 

velocity environment. It was seen that, at certain low air velocities, the density effects of the released 

gases could have a decisive impact on their vertical distribution routes. The insights gained and the 

success of the methodology applied in the first experiment led to the next experimental study which 

systematically discussed one possible consequence of the findings from the fundamental experiment 

in the area of low velocity displacement ventilation. Finally a numerical investigation was conducted to 

study the predictive ability of commercial software in reproducing a case which was seen in the 

second experimental study. 

The experimental design in Chapter 4 allowed for a direct investigation of the possible buoyancy 

effects resulting from density differences of gases released in air flows. The most important aspect in 

the findings of this chapter was the very perception that ignoring the possible density effects of the 

emitted gases could produce erroneous results if the velocities are lower than certain limits.      of 

the original experiments carried out at the velocity levels of      ,          and          showed a 

notable effect of the downward density effects of gases heavier than air, at least down to a distance of 

      in the applied setup. This phenomenon occurred even when the average inertial force of the air 

flow was adjusted upwards – directly opposite to the direction of the average buoyancy force. Clear 

examples were seen in which the effects resulting from density differences played a dominant role in 

determining the distribution routes of gases. In indoor spaces with ventilation concepts which apply a 

low velocity scheme, numerous regions could be found in which velocities are equal to or fall under 

the above mentioned limits.  

Moreover, it was seen that in cases in which the value of         ⁄         exceeded a certain 

limit the possibility of a dominant behavior of density effects was particularly high. In a velocity field 

with magnitudes similar to those in the current investigations (          ), local values of 

        ⁄         higher than     (       ) indicate a high chance that the different density of 

the present gases in the flow actively determine their dispersion behavior. At these high 

concentrations and low velocities the assumption of a ‘passive’ gaseous contaminant should be 

avoided. 

Different tracer gases are used in various investigations as experimental models for contaminants. It is 

clear that for the model gas to exhibit a distribution behavior similar to the modeled contaminant, 

their density effects should be estimated as equal (or equally unimportant). This should be kept in 

mind especially when investigations are carried out in areas which exhibit a low velocity character. The 

non-dimensional group demonstrated in Chapter   can be used as a guideline to compare the density 

effects of different gases. Looking at the numerator of   , the product of the density difference (to 

air) and the respective dosage amount plays the determining role for the respective buoyancy effects. 

When using model gases to simulate a contaminant, care should be taken in the correct adjustment of 

the dosage amount for the tracer gas. In some investigations a large volume of tracer gas was applied 

(e.g. up to         of     brought at a heated dummy; see [8]). Even when the local velocities above 

a heat source cannot be considered particularly low, this large amount may lead to a possible local 

effect of density differences, especially when the gas’s exit velocity at the dosage point is low. In 
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another study by Lau and Chen [101] a high release rate of     (      ) was applied to simulate 

pollutants. In these cases an investigation is recommended beforehand to ensure that the tracer gas 

brings as much of its own density effects into the experiment as the target substance in the real-case 

situation. 

In a number of other studies indeed no density effect from the released model gases is desired. In 

most of these investigations the discharged gas is used as a model for air, and its distribution in the 

environment is assumed to model the distribution of that part of air flow into which the gas is 

discharged. In these cases, tracer gases are used to detect the path lines of air from their release 

points. Many experiments conducted to identify the ventilation efficiency belong to this category. In 

such investigations careful consideration may be necessary to minimize the effects of density 

differences between tracer gases and air, especially at the onset of their release. Sometimes local high 

velocity turbulent mixing (e.g. using extra mixing ventilators in the room) is applied to eliminate such 

effects. However, if the same concept is used in low velocity ventilation case the question arises of 

whether this local high mixing may disrupt the actual low velocity air flow patterns that were the 

subject of investigation. The most robust arrangement for these studies in low velocity ventilation is 

still for the gas to be directly injected into the supply channel before its entry into the room. This was 

also confirmed in a test case in the current investigations. Whilst     and     showed strongly 

different distributing patterns when directly released through a point source inside the displacement 

ventilated room, their concentration distribution showed no significant difference when injected into 

the supply channel (see Appendix A). It should be noted that once the gases are fully mixed on a 

molecular level they will not “un-mix” again with time, since at normal  -values (gravitational 

acceleration) the force of gravity on molecules is less than that resulting from the random impact of 

different gas molecules with each other, resulting in constant molecular mixing. 

-------------------------- 

The insights acquired in Chapter 4 and the resulting non-dimensional group were useful in the 

investigations carried out in Chapter 5. The group    and the methodology applied demonstrated how 

the dispersion behavior of a heavier gas in air may be effectively modeled using a dimensional analysis 

and a specified hypothesis. In Chapter 5 the possible contamination of the fresh air reserve in a 

displacement ventilated room due to an unheated source was investigated using a similar 

methodology. 

Depending on the input parameters, the concentrations in the fresh air layer underneath the source 

exhibited varied levels of gas presence in different experiment cases. It was clearly observed that the 

contaminants will not necessarily flow upwards into the exhaust layer. The typical image of 

displacement ventilation (with warm contamination sources sending the contaminants up into the 

polluted layer resulting in lower concentrations near the floor) was no longer present. The findings 

were consistent with the reports from Nielsen [38] about the uncharacteristic behavior of 

displacement ventilation in presence of unheated contaminant sources. 

When released in a low velocity section of displacement ventilation, the downward density effects of 

the gaseous contaminants with higher molecular weight than air may have a disturbing impact on the 

working principle of this ventilation concept. The downward motion of gases resulted in a local 

pollution of the fresh air layer which in turn impaired the advantage of having a fresh air source for 

several heat sources in the room. This can be particularly critical for the heat sources in the direct 
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vicinity of the emission source. A similar finding was already reported by Mundt. In a series of tests a 

falling down of tracer gases to the floor was continuously observed when the tracer gas had a higher 

density than air and the emission source was positioned detached from the heat sources in 

displacement ventilation [40].  

After the assessment of the gas concentrations, a functional relation was sought between the values 

of contamination level ( ) in the fresh air area underneath the source and the proposed group   

resulting from the dimensional study of the setup. The correlation could be used to make an 

estimation of the level of pollution in this area as a sign of the possible degradation of the local 

working quality of displacement ventilation. In    out of    measurement cases, the correlation was 

able to predict whether the contamination load in the target area assumed a value higher than  , 

indicating gas concentrations higher than that of exhaust air. Important is to be aware that, whereas 

the demonstrated proportionalities such as          or            ) for different gases 

maintain their general validity, the geometrical reference factor as well as the coefficients of the 

power law function may have to be newly revised for other strongly deviating geometrical settings. 

In a supplementary study (see Appendix B) it was seen that if the pollution of the fresh air layer occurs 

directly (i.e. contaminants released inside this area), there is a risk of the accumulation of the gaseous 

contaminants on the ground. It is possible in this case that the density effects of a gas combined with 

the stabilizing effect of the dense colder air layer cause the contaminant to accumulate on the floor. 

The velocities at the lower parts of the displacement ventilated room may not be large enough to 

provide an efficient contaminant removal strategy in this case. This outcome correlates with the 

findings of a number of other studies. (See, for example, the study of Yang et al. [102]). Müller et al. 

[103] mentioned a potential solution for this case using a mixed ventilation concept with the exhaust 

opening positioned near the floor. This concept may improve the contaminant removal effectiveness, 

offering an interesting option to remove the contaminants which tend to accumulate on the lower 

layers of the room. A similar effect was observed by He et al. [104]. 

-------------------------- 

A basic dimensional analysis was applied when conducting the investigations in the experimental parts 

of this work. This method is particularly suited for studies where the dependence of the target 

variables (dependent variables) on the input variables (independent variables) is highly complex. The 

method proved to be a suitable research instrument. It attempts to find relations between the 

influence parameters and the specific targeted variable with a direct parametric study and subsequent 

rigorous testing. This methodology can prove advantageous, particularly when the mathematical 

model of the examined process is not known [105]. It is, however, important to be aware of the range 

of functionality of the resulting relations. The assumptions leading to the functionality of a non-

dimensional group impose limitations on its validity. The outcome is only as accurate as the extent of 

these assumptions (see the example in section 5.7). 

-------------------------- 

The study of an unheated point source followed a fundamental approach using a constant gas 

emission rate. In real-life cases, the number, type, location and emission rate of contaminants are 

much more diverse. Numerical methods can help predict the general distribution pattern of 

contaminants more efficiently and for a higher number of applied cases. 
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In Chapter 6 it was investigated whether commercial software is able to predict the pattern of 

distribution for a test case from the experiments in the displacement ventilated room. Given a 

simulation of the temperature and velocity fields which is accurate enough, the numerical outcome 

showed a clear effect of the downward falling of the emitted gases from the unheated point source as 

measured in the experiment. It was observed in the simulations that the heat sources closer to the 

emission source are particularly affected by the gas release. Close to these heat sources, the value of 

the contamination load is clearly above unity. It was also observed that the area above those heat 

sources that were not directly contaminated by the emissions demonstrated a slightly better air 

quality than the exhaust air (as a sign of the relocated air of better quality from the fresh air layer). 

The area above other heat sources whose fresh air reserve was contaminated showed slightly higher 

gas concentrations than that of exhaust air.  

Displacement ventilation’s low velocity flow field leads to a non-homogenous spatial distribution of 

contaminants in the room. The area near the supply opening represents a high air quality section. The 

area in the vicinity of the emission source demonstrates particularly high concentrations and a large 

part of the room assumes concentrations close to that of exhaust concentration. This was observed in 

the simulations as well as in the experiments. It implies that in displacement ventilation there may be 

a risk of exposure to high concentrations if the occupant is in the direct vicinity of the emission source. 

(Due to the lack of local advective transport, high gas concentrations could also occur close to the 

emission source in cases where the gas density effect is not large enough to result in a direct pollution 

of the fresh air layer underneath). Ideal mixing ventilation, on the other hand, results in a more 

homogenous spread of the contaminants and thus may offer a “safer” choice for providing all 

occupants with the air quality as low as the exhaust air, but not lower. This can gain importance 

especially when the contaminant sources are predominantly unheated. Further investigations may be 

necessary in this regard to provide more detailed information about the differences of non-ideal 

mixing and displacement ventilation in the local distribution of unheated contaminants. Further 

testing of the conventional mixing ventilation concept with exhaust openings near the floor would be 

an interesting additional area of research. 

Qualitatively, the multi-component model used in the numerical investigations was able to predict the 

general downward distribution of a heavy gas in the test case as well as the possible contamination of 

the fresh air layer. Quantitatively, an over-prediction of the amount of this pollution was observed. All 

in all, the performance of the model which takes the density differences into consideration was 

generally considerably better than a solution model which assumes a passive tracer behavior. With a 

passive contaminant, a more diffusive character was observed for the gas distribution behavior in the 

region in the vicinity of the source. A thorough study of the velocity field is advisable in advance to be 

able to exclude the possible density effects of the emitted gases. 

Numerical simulations for air flow and contaminant dispersion are being widely used with greater 

frequency both in fundamental studies and in industry. CFD can be used efficiently in developing fast 

decision making processes for indoor spaces which are in the planning phase and for which the 

unheated contaminant sources can be anticipated. Moreover, it demonstrates a large potential for the 

fundamental assessment of the dispersion behavior of pollutants and further unsteady simulations 

can be used to gain an insight into the instable phenomenon of the distribution of gas-air mixture in 

low velocity environments. As an example, the reduction in the force of buoyancy resulting from the 

downward motion of the gas (and its consequent dilution) in the fundamental experiment of this 
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study (Chapter 4) was modeled using a simplifying assumption. With increasing software capacities, 

applying Large Eddy Simulations (LES) for a deeper study of this phenomenon could be of high 

interest, revealing more about the dilution patterns that occur in a particularly low velocity yet 

turbulent flow. 

-------------------------- 

As a final point, the investigations in the current study were conducted for gases. An important part of 

the contaminations in indoor areas are those due to particulate matter. The physics governing the 

distribution of particles is different than that governing the spreading of gases. It can be assumed that 

particles’ dispersion behavior shows a different pattern than that of gases in low velocity 

environments. This represents a further interesting area of research. 
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8 Appendices 
 

Appendix A. Reference Test: Gas Dosage into the Supply Channel  

In two reference tests the same amount of gas as in the original set of experiments in Chapter 5 

(       ) was brought into the air supply channel of the room several meters before the opening. The 

gas distribution profiles show no significant difference between the two gases. The absolute 

difference between the measurement points in the figures is of order of   to       and therefore in 

the range of the measurement uncertainties. 

 

 

Figure 8-1. Gas dosage into the supply channel for two gases. (ACR:      , Heat Load:       ⁄ ) 
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Appendix B. Reference Test: Contaminant Release inside the Fresh Air 

Layer 

To study the effects of a direct release of the contaminants inside the fresh air layer of displacement 

ventilation, supplementary investigations were carried out. For this purpose, the experimental setup 

described in Chapter 5 was adjusted. For a homogenous low dosage introduction of gas near the floor, 

a surface emission source was used instead of a point source. The emission source (            ) 

was brought on the floor in the middle of the room. It was made of a porous textile material under 

which there were uniformly perforated circular tubes. The dosage tube was separated evenly in six 

ways and distributed uniformly to assist a homogenous outflow of gas from under the source. 

Figure 8-2 shows a schematic of the setup with the surface emission source on the floor. 

 

Figure 8-2. Schematic of the setup with the surface emission source. 

 

Measurements were carried out at four standard heights of                  . A data analysis 

similar to that in Chapter 5 was applied. For each point the averaged steady state value was 

normalized and for each measurement section (see Figure 8-2) these values were plotted against the 

normalized height of the room to build concentration profiles. The results are presented in Figure 8-3. 
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Figure 8-3. The Measurement cases of           with ACR of 2     and specific Heat load of    
(    ).     shows a stronger accumulation on the ground than    . 

 

When the heavier contaminants are released in the fresh air zone, it is possible that the density effects 

of a gas – which has a higher molecular weight than air – combine with the stabilizing effect of the 

dense colder air layer and result in the contaminant’s accumulation on the floor (see section B height 

of      ). For the measurement section close to the supply opening (section CF), the constant, 

relatively high velocity flow of fresh air results in low concentrations at the height of      . At the 

height of      , however, the concentration levels mostly reach that of exhaust air for the whole 

room.  

It is particularly undesirable for displacement ventilation when the contaminants are released inside 

the fresh air reserve. The velocities at the lower parts of the room may not be large enough to provide 

an efficient contaminant removal strategy. The outcome correlates with the findings of a number of 

other studies. (See, for example, the study of Yanga et al., in which investigations were carried out on 

the performance of different airing systems in removing contaminants from an area source in the 

room [102]). A similar finding was presented in another study, where vaporous acetone was brought 

into the fresh air reserve in the same room [106]. The aim of this study was to model the distribution 

of organic odorous materials released near the floor of a displacement ventilated room. Figure 8-4 

shows the result of this study. It can be seen that in this case the vaporous tracer material also started 

to accumulate on the ground. The range of the concentration fluctuations in such measurements are 

also shown in Figure 8-4.  
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Figure 8-4. Results of a release of acetone vapor into the surface area source in the middle of the 

room. (Dosage amount:       ; ACR:      ; specific heat load:        ) 

 

After investigating such a possibility, Müller et al. [103] mentioned a potential solution for the case in 

which a strong accumulation of pollution can be predicted on the ground. They recommended using a 

mixing ventilation concept with an exhaust opening which is located near the ground. The exhaust 

opening in the lower layer combined with the mixing ventilation diffusers at the ceiling may offer an 

interesting option to help remove the contaminants which tend to pollute the lower layers of the 

room. A similar finding was also reported by He et al. while experimenting with a grill diffuser near the 

ceiling and a wall exhaust near the floor in cases where an unheated contaminant source was located 

at the lower part of the room [104]. 
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Appendix C. Photography 

In the following a number of pictures taken from the second experimental setup in this study (Chapter 

5) are presented. 

 

 

Figure 8-5. The development of fresh air layer and the presence of turbulent structures near the 

floor; (ACR:      , Heat Load:       ⁄ ). The air velocity at the height of       near the first row 
of cylindrical heat sources was measured as approximately          in this case. 
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Figure 8-6. Discharge of air from the displacement supply opening. The acceleration of the flow can 
be seen close to the floor surface. 

 

 

Figure 8-7. Flow visualization; acceleration in the area around the lower part of the heat source in 
the fresh air layer; (also observed in numerical investigations in Chapter 6). 
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Figure 8-8. Upward buoyant plume above a heated dummy. Flow structures are unstable and the 
plume can have time-dependent sideward deviations. 

 

      

Figure 8-9. The position of the point source applied in the experiments and a smoke visualization of 
the outflow pattern from the source. 
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