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ABSTRACT 

 

Title: Measurement, Analysis, and Modeling of Non-Isothermal Low-Velocity Displacement 

Ventilation Jets 

Laurent Magnier-Bergeron, Ph.D. 

Concordia University, 2015 

 

Displacement Ventilation (DV) is an air distribution method recognized to enhance indoor air quality, 

while having a great potential for energy savings, due to stratification, higher supply air temperature 

and opportunity of free cooling. A frequent complaint associated with displacement ventilation is 

however the draft discomfort caused by the colder air movement at foot level, and the local 

discomfort due to an excessive temperature difference between head and ankle. Insufficient 

information is currently available regarding the variations of temperature and velocity inside a DV jet. 

Correlation models also need to be developed to report the variation of air speed in the jet. 

In this thesis, the DV jet is analyzed in depth through, first, experimental measurements and, then, the 

development of correlation models. Measurements are performed in an environmental chamber to 

study the DV jet coming from two different wall-mounted DV diffusers, for different supply conditions. 

The variations of air speed and temperature in the longitudinal, transversal, and horizontal planes are 

measured and analyzed. The thermal characteristics are discussed in terms of local thermal comfort. 
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In the second part of the thesis, the experimental data are analyzed towards developing new models 

for the distribution of air speed and temperature in the air jets. A new mathematical model is 

proposed for the variation of air speed in the secondary zone of the jet, as well as a new model is 

suggested for the vertical air speed profile. The variation of the thickness of the DV jet is also studied.  

A new mathematical is model is proposed to account for the variation of minimal air temperature in 

the jet. The variations of air speed and temperature in the transversal direction are also discussed. 

Finally, the contributions are summarized and future work is proposed. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Problem statement 

Ventilation and air conditioning are generally required in modern buildings to provide adequate 

thermal comfort and air quality. They are also critical components in terms of building energy 

consumption. Several novel air delivery strategies, such as mixing ventilation, displacement 

ventilation, or personalized ventilation, have been developed over the years. Displacement 

Ventilation (DV) has recently attracted growing interest in North America as a way to save 

energy and increase Indoor Air Quality (IAQ). The basic mechanism of displacement ventilation 

is the supply of fresh air at low velocity at floor level, at a temperature slightly lower than room 

temperature (typically between 17°C and 20°C (Skistad et al, 2002)). The occupants and other 

heat sources inside the room then act as plume convectors, the resulting air movement is 

known to lead to temperature and contaminant vertical stratification in the room (Figure 1-1). 

The advantage of displacement ventilation over mixing ventilation is that the air brought at 

breathing level is not or only slightly mixed with the indoor air, leading to an increased 

perceived indoor air quality. In addition, all the positively buoyant contaminants such as human-

related odours are brought in the upper part of the room, outside of the breathing zone, due to 

the plume effect. This mechanism results in a very good Indoor Air Quality (IAQ) in the room 

(Skistad et al. 2002). Various studies have proven than that the contaminant removal efficiency 

and the overall IAQ is in most cases higher in rooms equipped with displacement ventilation 

than in rooms equipped with mixing systems (Chen and Glicksman, 2003). 
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In terms of energy use, the action of the thermal plumes also creates vertical temperature 

stratification in the room. This stratification enables to cool only the occupied portion of a 

room, while leaving the higher portion at a higher temperature.  As a result, the supply air flow 

rate required to make the room thermally comfortable is smaller. Overall the higher supply air 

temperature and lower supply air flow rate lead to lower loads on the cooling coils of the air 

handling units, and lower electricity use for mechanical refrigeration as well as for supply fans. 

The higher supply temperature, compared to mixing ventilation, also enables a more frequent 

use of free cooling over the year, leading to further energy savings (Chen and Glicksman, 2003). 

Despite these advantages, the use of displacement ventilation is still limited. A problem 

frequently associated with DV is indeed local discomfort. Due to the cold air moving at the foot 

level, the risk of draft discomfort is higher in DV systems. A survey of 227 workers in 10 office 

buildings equipped with displacement ventilation showed that as much as 24% of the occupants 

experienced discomfort at the lower leg level (Melikov et al. 2005). The temperature 

stratification can also lead to an excessive temperature difference between the head and the 

ankle, and therefore discomfort. The issue of local comfort, closely related to the velocity and 

cool supply air  όҒмф-21°C) 

Temperature gradient 
ǊƻƻƳ ŀƛǊ όҒннɕ/ύ 

Figure 1-1: Illustration of Displacement Ventilation 
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temperature distribution within the DV jet, needs to be addressed before DV is used at a greater 

scale. 

 

1.2 Objectives of this thesis 

Despite its great potential in terms of energy saving and indoor air quality, the use of DV is still 

limited due to concerns regarding local thermal comfort. The first main objective of this thesis is 

to acquire an in-depth understanding of the physics of a DV jet and of the distributions of 

velocity and temperatures inside the jet. The second objective is that, based on this knowledge, 

correlation models  be developed to describe the variations of air speed and temperature in the 

secondary zone of a DV jet,  as such descriptions are needed to better design and operate DV 

systems. 

 

In order to achieve these objectives, this thesis aims to: 

¶ Perform extensive measurements in the DV jet using a fine three-dimensional grid, in 

order to create a database of velocity and temperature distributions within the jet. 

¶ Quantify the variations of velocity and temperature within the DV jet, and analyze their 

impact on local comfort and local comfort assessment. 

¶ Based on the measured data, validate existing models and develop new mathematical 

models for the profile of maximum air speed in a DV jet.  

¶ Study in depth the vertical profile of air speed in the jet and develop new correlations. 

¶ Analyze the thickness of the jet and its variation with distance from the diffuser. 

¶ Analyze and develop new mathematical models for the distribution of air temperature in 

a DV jet. 
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In order to achieve these objectives, a literature review of the existing experimental data is 

performed, as well as a review of the existing tools available to model the DV jet (Chapter 2). 

Based on the literature review, an experimental protocol is developed (Chapter 3). The 

experimental results are presented in Chapter 4. Based on the data, several correlation-based 

models are developed for the distributions of air speed and air temperature in the DV jet  

(Chapter 5). Finally, the contributions of this thesis are highlighted and future work is suggested 

(Chapter 6). 
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2. CHAPTER 2: LITERATURE REVIEW 

 

This chapter first presents a literature review of studies related to the velocity and temperature 

distributions within a DV jet. Only displacement ventilation non-isothermal air jet in cooling 

mode is discussed in this review. Displacement ventilation is indeed not recommended nor 

generally used for heating purpose, due to its poor performance in that use (Skistad et al. 2002).  

It is also noteworthy that the review presented in this chapter only focuses on the displacement 

ventilation jet coming from a wall-diffuser, installed close to the floor. Diffusers installed higher 

in the room (confluent jets) or inside the floor (underfloor air distribution) are out of the scope 

of this literature review.  

2.1 Introduction 

This section first presents an overview of the DV jet and some basics of theoretical analysis. A 

discussion regarding the thermal comfort aspects and issues in regard of displacement 

ventilation follows. 

2.1.1 Overview of a displacement ventilation jet 

The DV jet can be separated into two distinct zones (Figure 2-1). The first zone, or primary zone, 

is a zone where the air jet falls onto the floor due to the action of buoyancy forces. As a 

consequence, the thickness of the air jet decreases and the air velocity increases significantly. 

The limit of the primary zone is the point where the velocity in the jet has reached its maximum. 

This limit is in the order of one meter, depending on the supply characteristics (Etheridge and 

Sandberg, 1996). The air velocity in the jet at that point is generally several times greater than 

the face velocity of the diffuser. The secondary zone is characterized by a decrease of the 

horizontal velocity, with relatively small variations in the thickness of the air layer. The 
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secondary zone is of primary interest to designers since it generally corresponds to the occupied 

zone. 

 

 

 

Figure 2-1: Schematic view of the two flow regions in a DV jet 

The proper physical way to describe the flow of a DV diffuser is low-velocity negatively buoyant 

horizontal wall-jet. As discussed by Nielsen (1994), DV flow can be considered using different 

theories such as the ones of wall-jets, confluent jets, or gravity currents. The wall-jet theory is 

for instance very valuable to understand the vertical velocity profile of the DV flow. However, it 

is incompatible with some major parameters of DV flow such as the variation in thickness of the 

air layer or the horizontal velocity decay. The gravity current theory (Turner, 1973), in turn, 

might be useful to understand the flow behaviour in the primary zone. The information in the 

gravity current literature is however of little practical interest in the secondary zone. 

2.1.2 Thermal comfort 

Thermal comfort is a crucial parameter to  be considered when designing a ventilation system. 

In the case of DV system, both global thermal comfort (PMV, PPD (ASHRAE 55, 2010)) and local 

thermal comfort need to be considered. While the former is relatively easy to satisfy, the latter 

is more complex and caused several DV-system related complaints in the past (Melikov et al. 

                                                                PRIMARY ZONE                      SECONDARY ZONE 

diffuser 
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2005). In terms of local thermal comfort, two parameters are particularly problematic in DV: 

temperature stratification and air movement at foot level. 

Draft discomfort is a problem commonly associated with displacement ventilation (Skistad et al. 

2002), due to the movement of cold air at foot level. The risk of draft is generally assessed 

based on the air velocity measured at floor level. Several velocity limits can be found in the 

literature: in some standards the air velocity limit is 0.20 m/s (CEN, 1998; ISO, 2005); in other 

standards, the limit is set at 0.25 m/s (ASHRAE 55, 1992; Nordtest VVS083, 1990); finally, in the 

ASHRAE 55 2010 standard, the velocity limit is set either at 0.15 m/s or 0.80 m/s depending on 

the operative temperature. Studies show that the draft discomfort is nonetheless dependent 

not only on the air velocity but also on the turbulence intensity and air temperature. A metric 

used to assess the number of person dissatisfied due to draft is the Draft Rate (DR), defined by 

Equation 2-1 (ISO, 2005). In ISO 7730 (2005), the DR limit is between 10% and 30% depending 

on the comfort category. In the 2004 version of ASHRAE 55 (ASHRAE, 2004) the limit for draft 

discomfort was 20%. It should be noted that in the newest version of ASHRAE 55 (ASHRAE, 

2010), the equation of the Draft Rate has been removed; a limit of 20% of occupants affected by 

draft discomfort is however still present. 

$2 στ 4Ͻ6 πȟπυȟ ϽπȟσχϽ4)Ͻ6 σȢρτ  Equation 2-1 

where: 

¶ DR  is the draft rate; 

¶ T  is the air temperature  [°C]; 

¶ TI  is the local turbulence intensity  [%], and; 

¶ V  is the local air velocity  [m/s]; 

For practical purpose, a velocity limit of 0.20 m/s is generally retained in the industry (E.H. Price, 

нллфΤ CƭŀƪǘǿƻƻŘΣ нлмлύ ŀƴŘ ƛƴ w9I±!Ωǎ ŀƴŘ !{Iw!9Ωǎ ƎǳƛŘŜƭƛƴŜǎ ό{ƪƛǎǘŀŘ Ŝǘ ŀƭΦ нллнΤ /ƘŜƴ ŀƴŘ 

Glicksman, 2003). An information missing in thermal comfort standards is the height at which 

the draft discomfort should be evaluated. In principle, there is not limitation regarding where it 
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could be evaluated and the maximum DR should be considered. On one hand, many field 

studies (Love, 2010) focus on the standardized ankle height of 0.1 m from ASHRAE 113 

(ASHRAE, 2009) and ASHRAE 55 (ASHRAE, 2004; ASHRAE 2010). While this height of 0.10 m 

might however not correspond to the height of maximum velocity in the jet. On the other hand, 

one can wonder if a draft rate occurring at 0.03 m from the floor could cause any discomfort for 

an occupant wearing shoes. 

In terms of temperature stratification, ASHRAE 55 (2004) states that the Vertical Air 

Temperature Difference (VATD) between the head and the ankle should be lower than 3°C to 

ensure comfortable conditions, i.e. resulting in less than 10% of the occupants dissatisfied. The 

VATD is calculated using the local air temperature at 0.1 m from the floor (ankle level) and at a 

height of 1.1 m for a seated person, or 1.7 m for a standing person (head level). In ISO 7730 

(2005), the VATD limit is between 2°C and 4°C depending on comfort category. While a DV 

system should take advantage of stratification to reduce the cooling load, the temperature 

gradient in the room should nevertheless be controlled to prevent discomfort. A thorough 

understanding of temperature stratification in the room and of temperature distribution in the 

vicinity of the floor is thus required in order to properly design a DV system. This point is 

discussed further in section 3 of this chapter. 

2.2 Velocity distribution in the DV jet 

Velocity is an important parameter affecting the feeling of draft.  Experimental data and models 

regarding the velocity distribution in the DV jet are discussed in this section. 

2.2.1 Velocity increase in the primary zone 

As discussed previously, the DV jet is separated in two zones. The velocity increase in the 

primary zone is an important parameter since it determines the maximum velocity reached in 

the jet and the distance from the diffuser at which this velocity is reached. In terms of 
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experimental data, focus is generally found on the secondary zone, where the occupant is 

installed. Some data can however be found in some laboratory study such as Li et al. (2003) or 

in experiments performed for CFD validation purposes such as Cehlin et al. (2010). These 

studies confirm the decrease of jet thickness in the primary zone, as well as the increase of 

velocity. No model or correlation has however been developed in these studies. A conclusion 

that can be drawn from these studies is that, after about half a meter distance from the diffuser, 

the DV jet appears to follow a wall-jet-like vertical velocity profile (Rajaratnam, 1976), 

regardless of the air distribution profile at the diffuser exit. 

Only a limited number of models are found in the literature for the velocity field in the primary 

zone of a DV jet. Sandberg and Blomqvist (1989) proposed a formula to determine the 

maximum velocity reached at the end of the primary zone, based on the conservation of kinetic 

and potential energy. While interesting, their theoretical analysis was limited as energy loss 

through turbulence, entrainment of room air, or spreading of the jet was not considered. Later, 

Etheridge and Sandberg (1996) proposed a formula to predict the length of the primary zone for 

a radial gravity current. According to the authors, the equation fits well with experiments for a 

round wall-diffuser. Measurements in this study were however never verified or mentioned 

outside of the original study and might not be applicable to rectangular diffuser. A second 

formula available in the literature is from the Nordtest model, as described in the NT VSS 083 

(Nordtest, 2009). In this standard, a two-coefficient correlation is proposed to evaluate the 

maximum velocity reached at the end of the primary zone. The formula is based on the 

Archimedes number and on the buoyancy flux from the diffuser, and on coefficients specific to 

the diffuser. According to the authors of the model, the coefficients used are independent of 

the supply conditions. No published validation of this model could however be found in the 

literature. 
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2.2.2 Velocity decay in the secondary zone 

Several velocity decay models have been developed in the last decades (Nielsen, 2000; 

Nordtest, 2009; Skåret, 2000; Sandberg and Blomqvist, 1989). The more complete models are 

described in this section.  

Nielsen model 

The first model developed specifically for the velocity decay in a DV diffuser has been proposed 

by Nielsen in 1994. This model was developed based on both a theoretical analysis and a series 

of experimental measurements. Nielsen proposed that the velocity decay in the secondary zone 

of a DV jet, for a wall diffuser with a radial distribution and along the central axis, can be 

described by the following equation: 

ὠὼ

6Æ
+ÄÒ
(ÄÉÆÆ
Ø

 Equation 2-2 

where 

¶ V(x) is the maximum velocity at a distance x from the diffuser  [m/s]; 

¶ Vf is the face velocity of the diffuser  [m/s]; 

¶ Kdr is an experimentally determined constant [-]; 

¶ Hdiff is the height of the diffuser  [m]; 

¶ x is the distance from the diffuser  [m]; 

Nielsen used his model to correlate the velocity decay measured in experiments performed on 

various DV wall diffusers at various supply conditions. The correlations are in good agreement 

with the experimental data once the appropriate Kdr constant is experimentally determined. 

bƛŜƭǎŜƴΩǎ ƳƻŘŜƭ ƛǎ ǘƘŜ Ƴƻǎǘ ŀŎŎŜǇǘŜŘ ǾŜƭƻŎƛǘȅ ƳƻŘŜƭ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ŀƴŘ Ƙŀǎ ǎƘƻǿƴ ŀ 

reasonably good agreement with various experimental data (Skistad, 1994, for instance). It is 

ŀƭǎƻ ǊŜŦŜǊŜƴŎŜŘ ƛƴ ƳŀƧƻǊ ŘŜǎƛƎƴ ƎǳƛŘŜƭƛƴŜǎ ǎǳŎƘ ŀǎ ǘƘŜ w9I±!Ωǎ ƎǳƛŘŜōƻƻƪ ό{ƪƛǎǘŀŘ Ŝǘ ŀƭΦ нллнύ 

ŀƴŘ !{Iw!9Ωǎ ŘŜǎƛƎƴ ƎǳƛŘŜƭƛƴŜǎ ό/ƘŜƴ ŀƴŘ DƭƛŎƪǎƳŀƴΣ нллоύΦ Lǘ ƛǎ ƴƻǘŜǿƻǊǘƘȅ ǘƘŀǘ ǎŜǾŜǊŀƭ 
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versions of Nielsen model exist. An early version of the model for instance used a power factor 

associated with the distance from the diffuser, as well as a correction factor to account for a 

virtual origin of the diffuser. 

The use of the Kdr Ŏƻƴǎǘŀƴǘ ƛƴ bƛŜƭǎŜƴΩǎ ƳƻŘŜƭ is intended to characterize the flow from a 

diffuser using a single value, as it is the case with classical high-velocity free jets. In the case of 

displacement ventilation however, Kdr value is valid only for a specific diffuser, with a specific 

outlet size and aspect ratio, and a specific under-temperature. While some theoretical 

formulations of Kdr were proposed (Nielsen, 1994; Skistad, 1994), these formulations are 

generally of little practical use since the parameters they used are difficult to quantify 

(entrainment, virtual origin etc). Nielsen (2000) also proposed a linear relation between Kdr and 

the root of the Archimedes number (Ar). This approximation however appears to be mostly 

qualitative. As a conclusion, no satisfactory relationship could be found in the literature to relate 

the Kdr constant with the diffuser characteristics or the supply temperature. Therefore, for each 

diffuser, Kdr needs to be determined through laboratory measurements, for all the sizes and 

under-temperatures of interest. 

Nordtest model 

The Nordtest model, as described in the NT VSS 083 (Nordtest, 2009), is a recent correlation-

based model for the velocity decay in a DV jet. This model was developed based on laboratory 

measurements and on the work of Skåret (1998) and Schild et al. (2003a, 2003b). According to 

this model, the maximum air velocity at a radius R from the diffuser (i.e. the distance between 

the point of interest and the center of the diffuser) and an angle  ͅfrom the longitudinal axis 

can be described by Equation 2-3. 

62ȟ̕ Ëȟ̕Ͻ!Ò
ȟ̕
ϽὄϽ

2

,

ȟ̕

 
Equation 2-3 
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where: 

¶ ±όwΣ˒ύ ƛǎ ǘƘŜ ƳŀȄƛƳǳƳ ǾŜƭƻŎƛǘȅ ŀǘ ŀ ǊŀŘƛǳǎ R from the diffuser and an angle ͅ 

from the longitudinal axis  [m/s]; 

¶  ArN is the Archimedes number as defined in Nordtest (2009)  [-]; 

¶ Bf is the buoyancy flux defined in Nordtest (2009)  [m/s] ; 

¶ L is the horizontal perimeter of the diffuser [m], and; 

¶ kмΣͺ kнΣͺ and kоΣͺ are experimentally determined coefficients. 

The Nordtest moŘŜƭ ǇǊŜǎŜƴǘǎ ǎŜǾŜǊŀƭ ŀŘǾŀƴǘŀƎŜǎ ŎƻƳǇŀǊŜŘ ǘƻ bƛŜƭǎŜƴΩǎ ƳƻŘŜƭΦ CƛǊǎǘΣ ƛǘ Ŏŀƴ 

model the velocity distribution both in the centerline and outside the centerline (once empirical 

coefficients are known). Another significant asset of the Nordtest model is that, according to the 

authors, the correlation coefficients are independent of the supply conditions. Moreover, the 

coefficients are claimed to be constant for a given aspect ratio of a diffuser. Once the three 

correlation coefficients are determined, the Nordtest model is therefore able to handle more 

ǎƛǘǳŀǘƛƻƴǎ ǘƘŀƴ bƛŜƭǎŜƴΩǎ ƳƻŘŜƭΦ 

A limitation of the Nordtest model is that it requires three correlation coefficients, determined 

based on experimental data for several supply conditions. The investment, in terms of 

experimental work, required to use this model is therefore significant. In addition, the 

ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘǎ ŀǊŜ ŀƭǎƻ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ŀƴƎƭŜ ˒ ŦǊƻƳ ǘƘŜ ŎŜƴǘŜǊƭƛƴŜΤ ŦƻǊ ŜŀŎƘ ƴŜǿ 

angle, three new correlation coefficients need to be experimentally determined. Finally, no 

validation of the Nordtest model could be found in the literature. 

Sandberg and Blomqvist theoretical model 

The only theoretical model found in the literature, specifically aimed at the displacement 

ventilation jet, is from Sandberg and Blomqvist (1989). The approach developed by these 

authors was to analyze the flow by studying the conservation of energy and conservation of 

mass. In terms of flow field in the secondary zone, Sandberg and Blomqvist proposed a velocity 
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decay in the form of a negative exponential term. Although interesting, the air speed model is 

based on assumptions such as a constant temperature difference between the air in the jet and 

the ambient air, and a constant jet thickness. These assumptions are however disproved by 

experiments. Indeed, the air temperature difference between the jet and the ambient air was 

found in several experimental studies to vary with the distance from the diffuser (Kegel and 

Schulz, 1989; for instance). The jet thickness, in turn, was also found to vary with the distance 

ŦǊƻƳ ǘƘŜ ŘƛŦŦǳǎŜǊ όbƛŜƭǎŜƴΣ нлллύΦ hǾŜǊŀƭƭΣ {ŀƴŘōŜǊƎ ŀƴŘ .ƭƻƳǉǾƛǎǘΩǎ ƳƻŘŜƭΣ ǿƘƛƭŜ ƛƴǘŜǊŜǎǘƛƴƎ ŀǎ 

the only attempt to analyze the DV jet from a theoretical point of view, suffers from over-

simplifying assumptions. This model has also never been validated by experimental data. 

Discussion 

While several velocity decay models have been developed over the last decades, there is still a 

lack for a validated model with coefficients independent of supply conditions. For instance, 

Nielsen's model is limited by the case-specificity of coefficient Kdr. The Nordtest model, in turn, 

is independent of the supply conditions, but a significant amount of experimental data is 

required to determine its three correlation coefficients. This model is also very recent and has 

not been validated in the literature. Studying the different models in the literature, it is also 

noteworthy that there is no strong agreement in the literature regarding how to relate the 

velocity with the distance from the diffuser. In Nielsen model, a simple inverse function is used, 

in Nordtest model, a case specific power function is used, and finally, in the theoretical model of 

Sandberg and Blomqvist (1989), a negative exponential function is used. Another important 

issue is that all the models developed in the literature focus only on the maximal velocity at a 

given distance from the diffuser. However, as it will be described in the next section, the air 

velocity shows significant vertical variation within the jet. The maximum velocity, in turn, might 

not occur at ankle level (0.10 m) and may therefore not be representative of draft discomfort. 

Hence the velocity models described in this section cannot be directly used for comfort 

assessment without further knowledge regarding the vertical velocity profile in the DV jet. 
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2.2.3 Vertical velocity profile in the secondary zone 

The vertical velocity profile occurring in the vicinity of the floor in the secondary zone of a DV 

jet is generally described using the wall jet theory. The dimensionless vertical velocity profile 

can then be expressed by Equation 2-4 (see also Figure 2-2) (Rajaratnam, 1976).  

 

where: 

¶ V(x,y,z) is the velocity at a distance x from the diffuser, y from the central axis, 

and at height z; 

¶ 
6ØȟÙȟÚ

άὥὼÚ 6ØȟÙȟÚ
 is the normalized air speed at a distance x from the diffuser, y from 

the central axis, and at height z; 

¶ ʵ ƛǎ ǘƘŜ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ŀƛǊ jet, defined as the distance from the floor to the 

height where the velocity has decreased to half of the maximum velocity; 

¶ 
Ú

ɿ
 is the normalized height, and; 

¶ erf is the error function. 

 
Figure 2-2: Theoretical vertical velocity profile in a DV jet (based on Rajaratnam, 1976) 
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This theoretical profile has shown good agreement with several laboratory and field 

measurements, using either wall-mounted DV diffusers (Cho et al. 2008; Lau and Chen. 2007) or 

quarter-corner DV diffusers (Nielsen, 2000; Zhang et al. 2009). This profile has however be 

found valid only in the secondary zone of the DV jet (Cho et al. 2008). As can be seen in Figure 

2-2, the velocity within the jet varies significantly with height. The vertical velocity profile 

should thus be considered for thermal comfort assessment. Some laboratory or field studies 

(Kegel and Schulz, 1989; Lau and Chen, 2007) presented the air velocity solely at the height of 

лΦм ƳΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ ƻŎŎǳǇŀƴǘΩǎ ŀƴƪƭŜ ƛƴ !{Iw!9 рр όнллпύΦ ²ƘƛƭŜ ǘƘŜ ǳǎŜ ƻŦ 

measurements at 0.1 m height is useful for comfort assessment, it provides only limited 

information on the whole flow. 

A major parameter of Equation 2-4  ƛǎ ǘƘŜ ǘƘƛŎƪƴŜǎǎ ʵ ƻŦ ǘƘŜ ƧŜǘΦ !ŎŎƻǊŘƛƴƎ ǘƻ ƭƛǘŜǊŀǘǳǊŜΣ ǘƘŜ ŀƛǊ 

thickness of the flow in the secondary zone generally lies between 10 and 20 centimetres, the 

maximal velocity occuring between 2 and 5 centimetres (Li et al., 1993; Nielsen, 2000; Nordtest, 

2009). There is however no agreement in the literature regarding which parameters influence 

the thickness of the DV jet and no model to predict this thickness. The only study in the 

literature discussing the variation of the jet thickness is Nielsen (2000). In this study, Nielsen 

found that the thickness of the flow decreases with the Archimedes number (based on three 

supply conditions tested). Nielsen also found that the flow thickness may slightly increase with 

the distance from the diffuser (order of centimetres for a 4 m distance). According to his results, 

the rate of thickness increase appears to be dependent on the Archimedes number. No 

quantitative correlation was however proposed regarding the increase of thickness with the 

distance from the diffuser, or with decreasing Archimedes number. It is also unclear in this study 

whether the increase of thickness is actually related to the Archimedes number, to a change in 

supply temperature or to a different stratification inside the room. Finally, no information is 

given regarding the variations of flow thickness outside the longitudinal axis. 
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2.2.4 Transversal velocity profiles 

Most of the data regarding the velocity variation is focused on the longitudinal axis of the 

diffuser (Li et al. 1993; Nielsen, 2000). The velocity measurements performed outside of this 

axis (Kegel and Schulz, 1989; Zhang et al. 2009) generally use a limited number of sampling 

locations (generally less than 10). The conclusions of such studies are then limited in terms of 

understanding the jet spreading. It can nonetheless be noted in the literature that the air 

velocity in the DV jet may vary significantly over the floor area. According to the wall-jet theory, 

the transversal velocity profile in a DV jet should follow a Gaussian distribution (Rajaratnam, 

1976). The only measured transversal data for a DV jet found in the literature are two 

transversal profiles from Nielsen (1988), measured at a single distance from the diffuser, for two 

different diffusers. No information could be found in literature regarding transversal profiles 

measured at different distances from the diffuser for a same diffuser and different supply 

conditions.  

Due to the lack of reliable experimental data, the air velocity variation away from the 

longitudinal axis is not included in current velocity models. In the recent Nordtest model (2009), 

the velocity outside the longitudinal axis is simply modelled using the same formulas as the one 

used on the axis, changing the three correlation coefficients. There is however no indication on 

how the coefficients for locations away from the axis could be estimated using as base the 

coefficients identified to model the velocity on the axis. It is also noteworthy that while most 

theoretical models (Nielsen, 1994; Sandberg and Blomqvist, 1989) are based on an assumption 

of radial distribution for the flow from the diffuser, such assumption has never been thoroughly 

verified (Nielsen, 1989). Regarding the radial assumption, it should also be noted that, in 

practical situations, a radial DV flow will always eventually be affected by the room walls. This 

issue has however never been discussed, except very briefly in Nielsen (1989). 
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2.3 Temperature distribution 

In displacement ventilation, a vertical temperature gradient appears in the room due to the cold 

air supplied at floor level and the convective plumes resulting from the presence of heat 

sources such as occupants. The air temperature in the room is generally considered to linearly 

increase with height (Chen et al. 2003). As written in section 2.1.2, the temperature 

stratification can significantly impact thermal comfort in a room. A major parameter in 

evaluating the temperature stratification is the air temperature at floor level. 

2.3.1 Temperature at floor level 

The temperature at floor level is influenced by various parameters. The supply flow rate is 

recognized as one of the most influencing parameters and is a predominant parameter in 

aǳƴŘǘΩǎ ƳƻŘŜƭ όaǳƴŘǘΣ мффсύΦ ¢ƘŜ ǘȅǇŜǎ ŀƴŘ ƭƻŎŀǘƛƻƴ ƻŦ ƘŜŀǘ ǎƻǳǊŎŜǎ ƛƴǎƛŘŜ ǘƘŜ ǊƻƻƳ Ŏŀƴ ŀƭǎƻ 

ƘŀǾŜ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇŀŎǘ ƻƴ ǘƘŜ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜ ŀǘ ŦƭƻƻǊ ƭŜǾŜƭΦ ¢ƘŜ άƪŀǇǇŀ ƳƻŘŜƭέ ό.ǊƻƘǳǎ ŀƴŘ 

Ryberg, 1999), for instance, determines the air temperature at floor level based solely on the 

type and distribution of the heat sources inside the room. In literature, the floor surface 

temperature is found to be an influential parameter, especially in case of solar radiation heating 

the floor (Kegel and Schulz 1989). The height of the room is also important, as high-ceiling 

spaces behave differently than low-ceiling spaces in terms of  stratification (Skistad et al. 2002). 

Finally, Li et al. (1993) demonstrated that heat transfer by radiation in the room can have a 

significant impact on the temperature at floor level. 

The method most widely used in literature to determine air temperature at floor level is the so-

called 50% rule (Skistad et al. 2001; Chen at al. 2003). This rule of thumb states that the 

dimensionless temperatureΣ ʻf, at 0.1 m from the floor is halfway between supply temperature 

(Tsupply) and exhaust temperature (Treturn) (Equation 2-5). As described in the previous paragraph 

though, many parameters affect the air temperature close to the floor. The 50% rule can then 

only be used as a first approximation. Indeed, according to literature, the dimensionless 
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temperature at flƻƻǊ ƭŜǾŜƭ ʻf can vary from 0.2 to 0.65 (Skistad et al. 2002, Mundt 1996). Several 

ŦƛŜƭŘ ƳŜŀǎǳǊŜƳŜƴǘǎ ǎǘǳŘƛŜǎ ŀƭǎƻ ǊŜǇƻǊǘ ŀ ʻf generally closer to 40% (Sandberg and Blomqvist, 

1989; Love, 2009). Experimental data also suggest that the 50% rule should be changed to a 

33% rule in rooms with high ceilings (Skistad et al. 2002). 

ʃ
4πȢρ 4ÓÕÐÐÌÙ
4ÒÅÔÕÒÎ4ÓÕÐÐÌÙ

πȢυ Equation 2-5 

 

A more detailed model to evaluate the temperature at floor level was developed by Mundt 

(1996). This model is based on a theoretical analysis of heat transfer inside a room and 

validated with numerous experimental data. This model suggests that the air temperature at 

floor level is primarily influenced by the flow rate, the floor area and the convection heat 

ǘǊŀƴǎŦŜǊ ŎƻŜŦŦƛŎƛŜƴǘ ōŜǘǿŜŜƴ ǘƘŜ ŦƭƻƻǊ ŀƴŘ ǘƘŜ ŀƛǊŦƭƻǿΦ aǳƴŘǘΩǎ ƳƻŘŜƭ Ƙŀǎ ōŜen validated using 

data from eleven different experimental studies, each presenting different room dimensions, 

heat sources and supply conditions (Mundt, 1996). Results show good agreement with 

measured data, even for high-ceiling rooms, with errors generally less than 0.1 when estimating 

f̒. A more advanced model has been proposed recently by Mateus and Carrilho da Graça 

(2014), which further improves the overall prediction of temperature stratification in the room, 

including the average temperature at floor level. 

Despite good agreement between these models and experimental data, a major limitation is the 

consideration of a single temperature for the whole floor area. Variations of temperature inside 

the DV jet are not considered. A new model therefore needs to be developed to take that 

aspect into account. 

2.3.2 Temperature variation inside the DV jet 

In a room equipped with displacement ventilation, it is reasonable to assume that the air 

temperature in the room does not vary significantly horizontally, for heights higher than 0.5 m 



19 

 

(Kegel and Schulz, 1989; Li et al. 1993). At the height of 0.1 m though, i.e. within the DV jet, this 

assumption is not valid anymore. According to experimental data, differences of temperature as 

high as 1.5°C can appear between different locations in a room for measurements performed at 

0.10 m from the floor (Kegel and Schulz 1989; Ming, 2001). Such temperature variations at 

different locations can then lead to variations in the VATD. Since existing thermal stratification 

models assume temperature uniformity at floor level, they fail to predict such temperature 

differences. 

The study of the air temperature variations within the DV jet suffers from the same limitations 

as the study of velocity variations. Most experimental data use coarse measuring meshes, with 

less than 10 measuring locations over the floor area (Kegel and Schulz, 1989; Lau and Chen, 

2007). The temperature in the DV jet is also generally measured solely at the standard ankle 

height of 0.10 m (ASHRAE 55, 2004). The vertical variation of temperature within the jet is 

seldom reported (Li et al. 1993). Nonetheless, based on the data available in the literature, 

quantitative conclusions can be drawn. First, the air temperature at floor level generally 

increases with the distance from the diffuser (Li et al. 1993). In an experimental study of a DV 

jet over a heated floor, Novoselac et al. (2006) found that both the floor surface temperature 

and the temperature of the air at 0.1 m from the floor can increase by as much as 4°C between 

0 m and 4 m from the diffuser. According to experiments performed on a gravity current 

induced by a cold wall (Heiselberg, 1994), a flow relatively similar to a DV jet, the minimum 

temperature in the jet increases linearly with the distance from the source. 

Regarding the vertical profile of temperature inside the jet, laboratory studies show that vertical 

temperature differences up to 1°C can appear within the jet (Li et al. 1993). According to the 

wall jet theory, the vertical temperature profile in a non-isothermal wall jet could be expressed 

by Equation 2-6. In a discussion in Chen (2001) however, this equation is found not applicable by 

Amiri et al. (1996). Chen (2001) concluded that Equation 2-6 is not valid for displacement 

ventilation jets. Regarding the transversal variations of temperature within the jet, the data 

found in the literature were found too limited to draw any clear conclusions. 
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Equation 2-6 

where the variables are defined in Chen (2001) as: 

¶ T is the air temperature at a given location in the jet  [K]; 

¶ Troom is the air temperature in the room  [K]; 

¶ Tmin is the minimum air temperature in a given cross-section of the jet  [K]; 

¶ V is the air velocity at a given location in the jet  [m/s], and; 

¶ VM is the maximum air velocity in a given cross-section of the jet  [m/s]. 

 

2.4 Summary of the literature 

Most of the experimental data on DV jet in the literature focus on the air speed decay in the 

longitudinal plane. Significantly less data is available regarding the variation of air speed in the 

transversal and vertical directions. In terms of temperature, the data available in the literature 

are very scarce, even along the longitudinal axis. A more systematic experimental study of the 

distributions of air speed and temperature is therefore required, in the three directions of 

relevance, namely longitudinal, transversal, and vertical. As for models in literature, some 

models exist for the velocity decay in the secondary zone, but are limited by case-specific 

parameters. For temperature, current models only focus on the average temperature at floor 

level, neglecting the variations of temperature at different distances from the diffuser. New 

models therefore need to be developed.  
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3. CHAPTER 3: EXPERIMENTAL 

PROTOCOL 

 

The experimental work is aimed at overcoming the current lack of data regarding the velocity 

and temperature distributions in the DV jet. An environmental chamber is set up to reproduce a 

small room where a DV diffuser is installed and measurements of velocity and temperature are 

performed using a very fine mesh, with a focus on heights between 0.02 m and 0.20 m. 

Measurements in the non-isothermal DV jets are performed in three perpendicular planes to 

acquire a three-dimensional dataset. The data gathered through experiments can then be used 

to evaluate the velocity and temperature variations in the three dimensions of space, as well as 

their effects on thermal comfort. 

  

3.1 Testing facility and instrument 

This section describes the facility, instruments and measuring protocol used for the 

experimental work (Magnier et al. 2012). 

3.1.1 Testing facility 

The environmental chamber used in our experiments is depicted in Figure 3-1a. Its inside 

dimensions are 3.56 m (length) by 2.32 m (width) by 2.17 m (height). The DV diffuser (described 

in a next paragraph) is denoted by (1) on Figure 3-1a. The diffuser is installed inside a partition 

wall, with its lowest point located at 0.1 m from the floor, as recommended by the 

manufacturer. The diffuser is connected to the ventilation system of the chamber for control of 



22 

 

the supply air flow rate and temperature. The air leaves the chamber through a 3.6 m by 0.3 m 

gap on the top of one of the chamber sidewalls, denoted by (2) on Figure 3-1a. Figure 3-1b 

shows the details of the exhaust system: the exhaust air comes from the top of the wall (2.1), to 

the bottom of the wall (2.2), then passes through the cooling coils (2.3) and is then 

redistributed into the main duct to the diffuser (2.4). The main duct is insulated using 50 mm of 

fibreglass insulation. In order to balance the loads during experiments, two types of heat source 

are used. The first heat source is eight fluorescent lamps of 40 W each distributed over the 

ceiling area. Second, to balance the loads with more accuracy, an adjustable low-temperature 

heating panel (0-750W) is also used. This heating panel is installed on the wall opposed to the 

diffuser (denoted by (3) on Figure 1). 

a) b)  

Figure 3-1: Schematic view a) of the environmental chamber; b) of the exhaust system  

 

 

 

(2.1) 

(2.2) 

(2.3) 

(2.4) 
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3.1.2 Measuring instruments 

The air speed is measured by an omnidirectional low-velocity anemometer (ThermoAir 6/64 

from Schiltknecht), with a standard error of 0.01 m/s for velocities between 0.01 m/s and 1.00 

m/s. This anemometer was calibrated in a wind tunnel at the Indoor air research laboratory of 

the National research council of Canada in Ottawa. The air temperature in the DV jet, the floor 

surface temperature and the air temperature in the duct are measured using T-type 

thermocouples with a standard error of 0.5°C. These thermocouples were all calibrated in a 

thermal bath at Concordia. The air temperature at different heights in the chamber is measured 

by Resistance Temperature Detectors (RTDs) having a standard error of 0.1°C. These RTDs were 

also calibrated in a thermal bath in Concordia. Finally, in order to calculate the supply flow rate, 

a Pitot-tube is used (denoted by (4) in Figure 3-1a) while the pressure differential is read by a 

2110F Smart Flow Gauge manometer from Meriam Instrument. This Pitot tube was calibrated 

for flow rates ranging from 1 L/s to 200 L/s by a side-by-side comparison with a high-accuracy 

Laminar Flow Elements (50MC2 from Meriam Instrument). 

In order to be able to perform numerous measurements inside the jet with a minimum 

disturbance of the flow, a motorized rail is used to control remotely the displacement of 

measuring instruments inside the chamber. Figure 3-2 shows the moving support, where the 

anemometer and two thermocouples are installed. The displacement of the support is 

automated using SI Programmer, of Applied Motion Products. Finally, all measuring instruments 

are connected to a data acquisition system, Agilent 34970. This data acquisition system enables 

real-time reading of all the measured values; the results are then saved in Excel files for further 

analysis. The data acquisition system is also connected to the rail control system, which enable 

to keep track of the rail support displacement inside the chamber. 



24 

 

  

Figure 3-2: Motorized rail and anemometer used for measurements inside the jet 

3.1.3 Testing conditions 

All measurements are performed once steady state conditions are attained inside the room. 

Steady state is defined as the state when all measured temperatures (supply temperature, air 

temperature in the room, surface temperature) do not vary by more than 0.1°C over the full 

period of measurement. Measurements inside the jet are recorded every 10 seconds, for a total 

measuring time of 3 minutes, at each location (as recommended by ASHRAE 113, 2009). The 

average and standard deviation are then calculated for each sampling point. Measurements are 

taken after a minimum settling time of 60 seconds following any rail movement (ASHRAE 113, 

2009 and Nordtest, 2009), and of 10 minutes after the experimenter leaves the chamber. 

Measurements outside of the jet (surface temperatures mostly) are recorded every 10 seconds 

for the whole measuring period. 

3.1.4 Measurements outside the jet 

Although the main focus of the experimental work is the air speed and temperature fields inside 

the jet, several additional temperature measurements are performed for further analysis, and 
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eventually simulation purpose. The locations of these additional measurements are summarized 

in Table 3-1. 

The air temperature in the chamber is measured on three columns inside the room, at the 

heights of 0.6 m, 1.1 m, and 1.7 m, as recommended by ASHRAE 113 (2009) and ASHRAE 55 

(2004). These measurements are performed by three RTDs (for the middle column) and six 

thermocouples (for the columns at 1/4 and 3/4 of the room length). These measurements serve 

two purposes. First, they are used to evaluate the thermal stratification inside the room. 

Second, measurements at 1.1 m and 1.7 m are used to evaluate the VATD in the room. 

 

Table 3-1: Location of the thermocouples and RTDs 

 

X 
(Length) 
[m] 

Y  
(Width) 
[m] 

Z  
(Height) 
[m]  

X 
(Length) 
[m] 

Y  
(Width) 
[m] 

Z  
(Height) 
[m] 

Floor 
(Thermo-
couples) 

0.71 -0.58 0.00 

Side wall 2 
(Thermo-
couples) 

0.77 -1.16 0.80 

1.42 -0.58 0.00 0.77 -1.16 1.60 

2.13 -0.58 0.00 2.59 -1.16 0.80 

2.84 -0.58 0.00 2.59 -1.16 1.60 

0.71 0.00 0.00 Opposite wall 
(Thermo-
couples) 

3.56 0.00 0.80 

1.42 0.00 0.00 3.56 -0.60 1.60 

2.13 0.00 0.00 Ceiling 
(Thermo-
couples) 

1.20 0.60 2.17 

2.84 0.00 0.00 2.40 0.60 2.17 

0.71 0.58 0.00 
Stratification 
(RTDs) 

1.78 0.00 0.60 

1.42 0.58 0.00 1.78 0.00 1.10 

2.13 0.58 0.00 1.78 0.00 1.70 

2.84 0.58 0.00 

Stratification 
(Thermo-
couples) 

0.89 0.00 0.60 

5ƛŦŦǳǎŜǊΩǎ 
wall 
(Thermo-
couples) 

0.00 -0.60 1.60 0.89 0.00 1.10 

0.00 0.00 1.08 0.89 0.00 1.70 

0.00 0.60 0.80 2.67 0.00 0.60 

0.00 0.60 1.60 2.67 0.00 1.10 

Side wall 1 
(Thermo-
couples) 

1.20 1.16 0.80 2.67 0.00 1.70 

1.20 1.16 1.60 Exhaust 1.20 1.16 1.95 
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2.40 1.16 0.80 
(Thermo-
couples) 

2.40 1.16 1.95 

2.40 1.16 1.60     

 

The surface temperatures in the chamber are also recorded, since they could be used as 

boundary conditions for potential CFD models. Thermocouples are used to measure the surface 

temperature of all walls, at several locations and heights, as shown in Table 3-1. For the floor 

surface, a total of 12 thermocouples (3 rows of 4 thermocouples) are installed, in order to study 

the variations of the floor temperature at different distances from the diffuser. 

Finally, the air temperature is measured at several locations in the HVAC system. The supply air 

temperature is measured using thermocouples at two locations: right after the fan, and right 

before the diffuser. Lƴ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ƻŦ ǘƘƛǎ ǿƻǊƪΣ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǎǳǇǇƭȅ 

ǘŜƳǇŜǊŀǘǳǊŜέ ƛǎ ǘƘŜ ƻƴŜ ƳŜŀǎǳǊŜŘ ǊƛƎƘǘ ōŜŦƻǊŜ ǘƘŜ ŘƛŦŦǳǎŜǊΦ CƻǊ ǘƘŜ ŜȄƘŀǳǎǘ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜΣ 

two thermocouples are placed in the middle of the exhaust gap (see Table 3-1 for details). The 

average of the two measured values is considered as the exhaust temperature. 

 

3.2 Measurements locations in a DV jet for the two diffusers 

3.2.1 Diffusers studied and supply conditions 

The type of diffuser used in our experiment is the DF1W diffuser from HVAC manufacturer E.H. 

Price (E.H. Price, 2006). This diffuser is a standard wall-mounted DV diffuser, commonly used for 

displacement ventilation. Two sizes of this diffuser are tested in our measurements. First, a 

diffuser with 0.6 m by 0.6 m (height by width) outlet size is tested. This size was chosen as it is 

the size the most likely to be used in small rooms such as the environmental chamber. Then, a 

second diffuser with outlet size (1.2 m by 0.6 m (height by width)) is tested, in order to study 

ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ǘƘŜ ŘƛŦŦǳǎŜǊΩǎ ƘŜƛƎƘǘ ƻƴ ǘƘŜ 5± ƧŜǘΦ 
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For each diffuser, measurements are performed for two supply under-temperatures ɲ¢s, where 

the under-temperature is defined as the difference between the supply air temperature before 

the diffuser and the air temperature in the center of the room at 1.1 m height. The supply 

under-temperatures used (see Table 3-2) are based on Nordtest VVS083, which is a standard 

specifically designed for displacement ventilation (Nordtest, 2009). Such supply conditions are 

also representative of the range commonly used in displacement ventilation. Regarding the 

supply flow rate,  the measurements are performed for a flow rate of around 35 L/s (70 CFM), 

which corresponds to approximately seven Air Change per Hour. 

 

Table 3-2: Testing conditions for experimental work 

 
Flow rate 

[m3/s] 

Under-
temperature 

ɲ¢s [°C] 

Supply 
temperature 

[°C] 

Temperature 
at 1.1 m 
from the 

floor [°C] 

Diffuser 0.6 m x 0.6 m 0.035 
2.4 19.4 21.8 

5.0 16.9 21.9 

Diffuser 1.2 m x 0.6 m 0.032 
2.5 19.4 21.9 

5.5 16.8 22.3 

 

3.2.2 Measurements in front of the diffuser 

The first series of measurements to be performed are measurements in front of the diffuser. 

These measurements are useful for correlation purposes, as well as for potential boundary 

conditions in CFD simulations. Also, the measured values allow characterizing the jet leaving the 

diffuser, and identifying possible non-uniformities of air speed and temperature. Measurements 

in front of the diffuser are performed for the three supply conditions (isothermal, ɲTs = 2.4°C, 

ɲTs = 5.0°C) by measuring the air speed and the air temperature in a plane 0.05 m from the 

diffuser, along the vertical and horizontal axes passing through the centre of the diffuser (see 
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Figure 3-3), with a step of 0.05 m. In addition to this, measurements are also performed over 

the whole area of the diffuser for an under-temperature of 5.0°C, with a step of 0.5 m. These 

measurements are performed for both sizes of diffuser. Measurements locations are 

schematized in Figure 3-3 for diffuser DF1W with an outlet size of 0.6 m by 0.6 m. 

 

Figure 3-3: Schematic view of the axes of measurements for the DF1W 0.6 m x 0.6 m diffuser 

3.2.3 Measurements in the DV jet for non-isothermal supply conditions 

Air speed and temperature measurements in the jet for non-isothermal supply conditions are 

performed in three perpendicular planes in the room, as shown in Figure 3-4, to acquire a three 

dimensional dataset. 
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Figure 3-4: Measurement planes for non-isothermal jet measurements 

 The first plane of measurement, Plane L, is the vertical plane passing through the Longitudinal 

axis of the air jet, in the center of the room (plane Y=0). In this plane, the air speed and 

temperature are measured at distances from the diffuser of 0.16 m to 3.16 m, with steps of 0.2 

m, and at the 10 heights of 0.02 m, 0.03 m, 0.04 m, 0.05 m, 0.06 m, 0.07 m, 0.08 m, 0.10 m, 

0.20 m, and 0.26 m for a total of 160 measurement points (see Figure 3-5). 

 The second plane of measurement, Plane T, is the vertical Transversal plane at 2.16 m from the 

diffuser (plane X=2.16 m). The air speed and temperature are measured in this plane at nine 

heights, specifically 0.02 m, 0.03 m, 0.04 m, 0.05 m, 0.06 m, 0.07 m, 0.08 m, 0.10 m, and 0.20 

m, at distances from the central axis of 0.1 m to 0.9 m, thus with 5 locations spaced at 0.2 m (8 

in), on each side of the axis, for a total of 90 measurement points (see Figure 3-5). 

 Finally, the air speed and temperature are measured in Plane H, which is the Horizontal plane at 

0.05 m above the floor (plane Z=0.05). In this plane, measurements are performed at distances 

from the diffuser from 0.16 m to 2.76 m, with steps of 0.4 m until 1.76 m, and steps of 0.2 m 

afterwards, thus a total of 10 locations, and for distances from the central axis varying from 0.1 
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m to 0.9 m, thus 5 steps of 0.2 m on each side of the axis, for a total of 100 measurement points 

(see Figure 3-5). 

 

Figure 3-5: Measurement locations for non-isothermal jet measurements (Top view) 

 

3.3 Additional measurement for the 0.6 m x 0.6 m diffuser 

An additional series of measurements are performed on the DF1W 0.6 m x 0.6 m diffuser. These 

measurements are aimed at studying more specifically the effect of the supply under-

temperature on the longitudinal profiles of maximum air speed and minimum temperature. In 

addition, these measurements provide experimental data regarding the DV jet characteristics at 

diffuser exit and at the transition between the primary and secondary zones of the jet. These 
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data are useful for modeling purpose. Overall, five supply conditions are measured, as 

summarized in Table 3-3 

Table 3-3: Testing conditions for the additional measurements 

 

 

Flow rate 

[m3/s] 

Under-
temperature 

ɲ¢s [°C] 

Supply 
temperature 

[°C] 

Temperature 
at 1.1 m 
from the 
floor [°C] 

Diffuser 0.6 m x 0.6 m 0.035 

1.5 20.6 22.0 

2.4 19.4 21.8 

3.7 18.8 22.5 

5.0 16.9 21.9 

6.3 15.4 21.7 

 

 

The measurements locations can be summarized as follows, for each set of supply conditions 

tested:  

At the diffuser exit: First, the air speed and temperature are measured in the jet at 0.05 m from 

the diffuser, on a vertical axis passing through the center of the diffuser, for heights from 0.10 m 

to 0.70 m, with a step of 0.05 m. 

In the vertical longitudinal plane: Then, the air speed and temperature are measured in the 

longitudinal plane, for several heights from 0.02 m to 0.10 m, and for distances from the 

diffuser from 0.66 m to 2.36 m, with a step of 0.10 m. These measurements enable to 

determine the longitudinal profiles of maximum air speed and minimum temperature in the DV 

jet. Using the maximum air speed profile, the length of the primary zone can be determined. 

At the transition between the primary and secondary zones: The extent of the primary zone is 

defined as the distance from the diffuser at which the maximum air speed is reached, for each 
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set of supply conditions. At this distance from the diffuser, the air speed and temperature are 

measured, on the longitudinal axis, for the heights of 0.02 m, 0.03 m, 0.04 m, 0.05 m, 0.06 m, 

0.08m, 0.10 m, and 0.20 m. At the height corresponding to the maximum air speed, the air 

speed and temperature are also measured in the transversal direction. These measurements are 

performed for distances from the longitudinal between 0.1 m and 0.9 m, with a step of 0.2 m, 

on both sides of the longitudinal axis.  
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4.CHAPTER 4: EXPERIMENTAL 

RESULTS 

 

This chapter presents the results from experimental measurements. Experimental results from 

section 4.1 have been published (see Magnier et al. 2011, Magnier et al. 2012). First are 

presented the results using the diffuser DF1W of size 0.6 m x 0.6 m for the two main supply 

conditions. Then, results for the second diffuser size (diffuser DF1W size 1.2 m x 0.6 m) are 

presented, and compared with the first diffuser. Finally are presented the additional 

measurements focusing on the transition between first and secondary zones and on the profiles 

of maximal air speed and minimal temperature. 

 

4.1 Experimental results for the diffuser of size 0.6 m x 0.6 m for under-

temperatures of 2.4°C and 5.0°C 

This section presents the experimental results for the measurements performed on diffuser 

DF1W of outlet size 0.6 m x 0.6 m (E.H. Price, 2007), for the supply conditions and indoor 

temperatures given in Table 4-1. We present first the results of the measurements taken at the 

diffuser. Then, we present and discuss the results for each of the three planes investigated in 

this study to capture the behaviour of the air jet. 

Table 4-1: Supply air conditions and thermal stratification for the two experimental cases 

ȹTs 
[°C] 

Supply flow 
rate [m

3
/s] 

Supply air 
temperature 

[°C] 

Air 
temperature at 

0.6 m [°C] 

Air 
temperature at 

1.1 m [°C] 

Air 
temperature at 

1.7 m [°C] 

2.4 0.035 19.4 ±  0.2 21.3 21.8 22.5 
5.0 0.035 16.9 ±  0.1 20.8 21.9 23.0 
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4.1.1 Measurements in front of the diffuser 

Figure 4-1a and Figure 4-1b present the air speed and temperature distributions measured in 

front of the diffuser for an under-temperature of 5.0°C. The dashed square on this figure shows 

the limits of the perforated area of the diffuser (0.52 m by 0.52 m); the dots on the figures 

indicate the locations where air speed and temperature are measured.  As shown in Figure 4-1a, 

the air speed from the diffuser is not uniform throughout the diffuser area. The air speed 

gradually increases in the lower half of the diffuser and reaches its maximum at the bottom 

corners of the diffuser. The maximum speed measured is 0.48 m/s, which is more than twice 

than the average air speed of 0.18 m/s. Figure 4-1b shows that the temperature of the air 

coming from the diffuser is relatively uniform over the diffuser area, with slightly higher values 

in the upper half of the diffuser, where the flow rate is lower. The air temperature increases on 

the perimeter of the diffuser by up to 2°C above the supply temperature in the diffuser centre, 

due to mixing with the surrounding warmer indoor air that is induced by the jet. 

Figure 4-1c to Figure 4-1f show, for the two supply conditions studied, the air speed and 

temperature distributions measured on the central vertical and horizontal axes. The air speed 

profiles measured for both supply under-temperatures are similar. The only significant 

difference is the amplitude of the air speed peaks appearing at the border of the diffuser. In all 

likelihood, this difference is caused by the inability of the measuring grid to capture the 

conditions in the mixing layer. In the case of air temperature distribution, for the two supply 

under-temperatures, within an area of 0.4 m x 0.4 m at the center of the diffuser, the air 

temperature is very close to the supply temperature. The air temperature gets higher at the 

border of the diffuser, where mixing occurs. It is noteworthy that the fluctuations of 

temperature for heights between 0.2 m and 0.6 m in Figure 4-1d, for the under-temperature of 

2.4°C, are due to fluctuations of the supplied air temperature and to the measuring device 

uncertainty. This last point was verified by comparison with the supply temperature measured 

during the same period. 
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Overall, the air speed and temperature distributions at the diffuser seem to be independent of 

the supply under-temperature. Additional measurements performed with isothermal supply 

conditions lead to air speed profiles very similar to the ones displayed in Figure 4-1c and Figure 

4-1e, supporting the conclusion that the air speed distribution at the diffuser outlet is not 

significantly influenced by the supply temperature. Finally, for the diffuser and supply conditions 

studied, the supply air turbulence intensity is negligible (lower than 2%), except within the 

mixing layer around the diffuser (with values over 40%). 
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Figure 4-1: : Air speed (left) and temperature (right) measurements at 0.05 m from the diffuser (a, b) on the complete grid for 

ɲ¢ҐрΦлϲ/Τ όŎΣ Řύ ƻƴ ŀ ǾŜǊǘƛŎŀƭ ŀȄƛǎ ǇŀǎǎƛƴƎ ōȅ ǘƘŜ ŎŜƴǘŜǊ ƻŦ ǘƘŜ ŘƛŦŦǳǎŜǊ ŦƻǊ ōƻǘƘ ǎǳǇǇƭȅ ŎƻƴŘƛǘƛƻƴǎΤ όŜΣ Ŧύ ƻƴ ǘƘŜ ƘƻǊƛȊƻƴǘŀl axis 

passing by the center of the diffuser for both supply conditions 

e f 

d c 

 b a 
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4.1.2 Measurements in the longitudinal vertical plane, Plane L  

Air speed 

Figure 4-2 shows the air speed distributions measured in Plane L for the two supply conditions 

studied. As mentioned above, in the literature reviewed for this study, a DV jet is often 

described by having two zones: the primary zone, close to the diffuser, where the flow drops to 

the floor and the air speed increases due to the action of the buoyancy forces; and the 

secondary zone, where the air speed decreases. These two zones appears clearly on Figure 4-2, 

where the jet leaves the diffuser, decreases in thickness as it touches the floor, and then 

maintains a rather constant thickness in the secondary zone. The separation frontier between 

primary and secondary zones, defined as the distance from the diffuser to the point of 

maximum air speed, is represented as a vertical white line in Figure 4-2. This distance is equal to 

about 1.2 m for the under-temperature of 5.0°C, while it is about 1.4 m for the under-

temperature of 2.4°C. This difference is attributed to the stronger buoyancy forces in the former 

case, making the flow drop faster to floor level. The stronger buoyancy forces also explain the 

higher air speed of 0.42 m/s reached with an under-temperature of 5.0°C compared to the 

maximum air speed of 0.36 m/s reached with an under-temperature of 2.4°C. It should finally 

be noted that, close to the diffuser, the DV jet is not yet in contact with the floor. The 

measurement points below 0.10 m close to the diffuser are therefore not within jet, but under 

the jet.  

Figure 4-3 plots the longitudinal air speed profiles measured at different heights for the two 

supply conditions. This figure highlights the increase of air speed in the primary zone, and its 

decrease in the secondary zone. The decrease of thickness of the flow in the primary zone (as 

noticed in Figure 4-2) combined with the increase of air speed, explains that the air speed 

profiles at different heights do not reach their maximum value at the same distance from the 

diffuser ( Figure 4-3). In our measurements, the rate of air speed decay in the secondary zone is 

somewhat higher for measurements performed with an under-temperature of 5.0°C than for 
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2.4°C. However, after 2 m from the diffuser the velocities are slightly higher for the case with an 

under-temperature of 2.4°C than for the case with an under-temperature of 5.0°C.   

 

Figure 4-2: Air speed ŘƛǎǘǊƛōǳǘƛƻƴ ƛƴ tƭŀƴŜ [ ŦƻǊ ɲ¢ҐнΦпϲ/ όŀύ ŀƴŘ ɲ¢ҐрΦлϲ/ όōύ, the vertical white line refers to the maximum 

air speed attained. 

a 

b 
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Figure 4-4 plots the vertical air speed profiles measured at different distances from the diffuser 

in the secondary zone. The vertical profiles measured are consistent with profiles found in 

isothermal wall jets (Rajaratnam1 1976). The air speed measured at a height of 0.10 m (the 

height of ankle in ASHRAE 55 (2004)) was generally found 30% lower than the maximum air 

speed in the jet at the same distance from the diffuser. The maximum air speed typically occurs 

at heights ranging between 0.03 m and 0.05 m. This result is consistent with literature (Skistad, 

1994; Nordtest, 2009). The maximum air speed seems to happen slightly lower for 

measurements with the highest under-temperature. This difference in height is however very 

small and should be confirmed with a larger range of supply conditions. Figure 4-4 shows also 

that the height of maximal air speed does not vary significantly with increasing distance from 

ǘƘŜ ŘƛŦŦǳǎŜǊΦ ¢ƘŜǎŜ ŦƛƴŘƛƴƎǎ ŀǊŜ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ bƛŜƭǎŜƴΩǎ ƳŜŀǎǳǊŜƳŜƴǘǎ όнлллύΦ 

 

Figure 4-3: Air speed ǇǊƻŦƛƭŜǎ ŀǘ ŘƛŦŦŜǊŜƴǘ ƘŜƛƎƘǘǎ ƛƴ ǇƭŀƴŜ [ ŦƻǊ ɲ¢ҐнΦпϲ/ όŀύ ŀƴŘ ɲ¢ҐрΦлϲ/ όōύ 

a b 
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Figure 4-4: Vertical air speed ǇǊƻŦƛƭŜǎ ƛƴ ǘƘŜ ǇǊƛƳŀǊȅ ŀƴŘ ǎŜŎƻƴŘŀǊȅ ȊƻƴŜǎ ŦƻǊ ɲ¢ҐнΦпϲ/ όŀύ ŀƴŘ ɲ¢ҐрΦлϲ/ όōύ 

Air temperature  

Figure 4-5a and Figure 4-5b show the temperature distribution measured in Plane L for supply 

under-temperatures of 2.4°C and 5.0°C, respectively. Measurements show that the air 

temperature within the jet varies significantly with the distance from the diffuser. For instance, 

the difference between the coolest and warmest points in the vicinity of the floor (heights lower 

or equal to 0.10 m) is 1.2°C for an under-temperature of 2.4°C, and reaches 2.3°C for an under-

temperature of 5.0°C. This temperature non-uniformity, not handled by current temperature 

models, is significant and can impact local thermal comfort. Figure 4-6 shows the longitudinal 

temperature profiles measured at different heights for the two supply conditions studied. The 

floor temperature, measured at different distances from the diffuser, is also indicated on this 

figure. Figure 4-6 shows that, for most of the primary zone, the air temperature for heights 

between 0.02 m and 0.10 m decreases with the distance from the diffuser. This decrease should 

not be confused with a temperature decrease inside the DV jet. For heights below 0.10 m, the 

measurement points the closest to the diffuser are under the DV jet and, therefore, are not 

directly affected by the air jet temperature. As the distance from the diffuser increases, the 

measurement points enter the boundary layer of the colder air jet and then the jet itself, 

causing the apparent decrease in temperature. Figure 4-6 also shows that the temperature in 

the secondary zone increases linearly with increasing distance from the diffuser, due to heat 

a b 
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transfer with the floor and room air. Measurements of the floor surface temperature also 

revealed that the floor temperature is not constant, but increases with increasing distance from 

the diffuser. The rate of temperature increase of the floor surface temperature is similar to the 

rate of increase of air temperature inside the jet. This result is consistent with measurement 

performed by Novoselac et al. (2006) on a DV jet over a heated floor. 

 

Figure 4-5Υ ¢ŜƳǇŜǊŀǘǳǊŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƛƴ tƭŀƴŜ [ ŦƻǊ ɲ¢ҐнΦпϲ/ όŀύ ŀƴŘ ɲ¢ҐрΦлϲ/ όōύ 

a 

b 
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Figure 4-6: Air temperature profiles at different heights (left axis) and floor surface temperature (right axis) in Plane L for 

ɲ¢ҐнΦпϲ/ όŀύ ŀƴŘ ɲ¢ҐрΦлϲ/ όōύ 

Figure 4-7 shows the vertical temperature profiles measured at different distances from the 

diffuser in the secondary zone. The difference in measured temperature between the heights of 

0.02 m and 0.10 m is generally small (lower than 0.3°C), and falls under the thermocouple 

accuracy. The only location where the temperature difference is significantly high is at the very 

beginning of the secondary zone, at 1.36 m distance from diffuser, for the under-temperature of 

5.0°C.  The vertical variation of air temperature in the secondary zone is of much less magnitude 

that the change of temperature with increasing distances from the diffuser. 

 

Figure 4-7: Vertical temperatǳǊŜ ǇǊƻŦƛƭŜǎ ŀǘ ŘƛŦŦŜǊŜƴǘ ŘƛǎǘŀƴŎŜǎ ŦǊƻƳ ǘƘŜ ŘƛŦŦǳǎŜǊ ŦƻǊ ɲ¢ҐнΦпϲ/ όŀύ ŀƴŘ ɲ¢ҐрΦлϲ/ όōύ 

b a 

b a 
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4.1.3 Measurements in the transversal vertical plane, Plane T 

Figure 4-8 shows the air speed and temperature distributions measured in Plane T for the two 

supply temperatures studied. For measurements performed with an under-temperature of 

2.4°C (Figure 4-8a and Figure 4-8b), measurements show that, for all heights, the maximum air 

speed and the minimal air temperature occur on the central axis of the diffuser. Away from the 

centerline, the air velocities decreases and the air temperature increases. For example, the air 

speed measure at 0.9 m from the longitudinal axis and at heights below 0.1m are generally 

between 0.05 m/s to 0.10 m/s lower than the velocities measured on the central axis. Similarly, 

the difference between the air temperature measured at 0.9 m from the longitudinal axis and 

the air temperature measured on the axis can be as high as 0.5°C. For the second supply 

temperature studied, (Figure 4-8c and Figure 4-8d), the same conclusions can be drawn; in this 

latter case though, the flow is shifted toward one of the lateral wall of the chamber. It is 

assumed that this shift is due to the exhaust installed on the lateral wall. Finally, in terms of 

turbulence, the turbulence intensity for both supply conditions is between 5% and 25% for 

heights lower or equal to 0.10 m. The transversal profiles of air speed and temperature for 

measurement performed at a height of 0.05 m are shown in Figure 4-9. The transversal profiles 

of air speed appear to follow a Gaussian distribution. This result is consistent some early 

measurements by Nielsen (1998). The height at which the maximum air speed occurs appeared 

to be unaffected by the distance from the longitudinal axis. 
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Figure 4-8: Air speed όƭŜŦǘύ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ όǊƛƎƘǘύ ŘƛǎǘǊƛōǳǘƛƻƴǎ ƛƴ tƭŀƴŜ ¢ ŦƻǊ ɲ¢ҐнΦпϲ/ όŀΣ ōύ ŀƴŘ ɲ¢ҐрΦлϲ/ όŎΣ Řύ 

 
Figure 4-9: Air speed and temperature profiles at 2.16 m from the diffuser and at 0.05 m from the floor for both supply 

conditions 

a b 

c d 



45 

 

4.1.4 Measurements in a horizontal plane, plane H 

Figure 4-10 shows the air speed and temperature distributions measured in Plane H, located at 

a height of 0.05 m above the floor, for the two supply temperatures studied. One can again 

notice the primary zone, where the air speed increases, and the secondary zone, where the air 

speed decreases. The interesting point highlighted by measurements in Plane H is the large non-

uniformity of air speed and temperature over the floor area, caused by the progressive lateral 

expansion of the flow. In the literature, the DV jet is generally studied under an assumption of 

radial distribution from the diffuser (Nielsen, 2000). For the diffuser studied though, preliminary 

measurements (not detailed here) have shown no lateral spreading of the jet for isothermal 

supply, even at 2 m from the diffuser. The lateral expansion of the jet is however found 

significant when the supply temperature is lower than the room temperature. 

Figure 4-11a shows the transversal air speed profile measured at different distances from the 

diffuser for an under-temperature of 2.4°C. The transversal profile of the jet is relatively sharp in 

the primary zone (solid lines), and smoothens as the distance from the diffuser increases in the 

secondary zone (dashed lines). At 0.96 m from the diffuser, there is a difference of 0.15 m/s 

between the air speed measured on the longitudinal axis and that measured at 0.9 m lateral 

from the axis, at 0.05 m from the floor. At 2.56 m from the diffuser, the difference is still present 

but is reduced to 0.05 m/s.  

Figure 4-11b shows the transversal air speed profiles measured at 0.96 m and 2.16 m from the 

diffuser, at 0.05 m from the floor, for the two supply temperatures studied. At 2.16 m from the 

diffuser, the transversal air speed profiles are similar for the two supply conditions. At 0.96 m 

from the diffuser though, the shapes of the lateral profiles are different for the two supply 

conditions, with the profile for the lowest under-temperature (2.4°C) being sharper than the 

profile for the highest under-temperature (5.0°C). This result tends to confirm that the lateral 

expansion of the jet in the primary zone is caused by the buoyancy forces, with faster lateral 

expansion for higher under-temperatures. The same conclusions are found for the transversal 

temperature profiles measured at different distances from the diffuser at a height of 0.05 m. 
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Figure 4-10: Air speed όƭŜŦǘύ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ όǊƛƎƘǘύ ŘƛǎǘǊƛōǳǘƛƻƴǎ ŀǘ лΦлр Ƴ ŦǊƻƳ ǘƘŜ ŦƭƻƻǊ ŦƻǊ ɲ¢ҐнΦпϲ/ όŀΣ ōύ ŀƴŘ ɲ¢ҐрΦлϲ/ όŎΣ 

d) 

 

Figure 4-11: Transverse air speed profiles measured at a height of 0.05 m a) at different distances from the diffuser for 
ɲ¢ҐнΦпϲ/Τ ōύ ŀǘ лΦфс Ƴ ŀƴŘ нΦмс Ƴ ŦǊƻƳ ǘƘŜ ŘƛŦŦǳǎŜǊ ŦƻǊ ōƻǘƘ ǎǳǇǇƭȅ ŎƻƴŘƛǘƛƻƴǎ 

 

 

a b 

c d 

a b 
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4.1.5 Additional discussion 

This section discusses additional measurements and puts the experimental results in 

perspective of thermal comfort. 

Vortices 

Air speed measurements (Figure 4-3) suggested the presence of vortices close to the diffuser. In 

order to visualize the flow pattern close to the diffuser, smoke was injected below the jet, close 

to the diffuser. These smoke tests permitted to visualize two significant vortices in the space 

bounded by the wall, the floor and the DV jet. It is reasonable to assume that theses vortices 

have a significant impact on the distance required for the DV jet to drop to the floor surface. 

The acknowledgment of such vortices is also important for CFD, as the turbulence models used 

for simulations should be able to handle such flow behaviours. 

 

Turbulence intensity 

Turbulence intensity was assessed in this thesis by studying the variations of air speed 

compared to the average air speed at a given location. The Turbulence Intensity (TI) results are 

not discussed in details as the variations of air speed from turbulence are within the 

experimental error (0.03 m/s). Nonetheless, it can be noted that the turbulence intensities in 

the jet were evaluated to be around 20%, which is consistent with the literature.  

 

Particle Image Velocimetry (PIV) 

In order to study further the air velocity field, some PIV measurements were performed. 

Despite numerous attempts, the quality of the PIV results was however too low to be published 
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in this thesis. The main problem encountered was with the seeding, i.e. the particles used to 

track the jet with PIV. Experiments with soap bubbles were performed, but the bubbles were 

found to be too large to go through the diffuser grille. Later, a smoke generator was used for 

seeding, but the optimal quantity of smoke to use was extremely difficult to find, especially 

since the introduction of smoke significantly affected the temperature and flowrate of the 

supplied air. Finding an appropriate seeding technique appears to be necessary before PIV 

measurements of good quality can be performed on displacement ventilation jet. 

Draft rate 

The results presented in section 3 can all be translated into local comfort indices. As an 

example, the comfort indices related to the measurements performed in the vertical 

longitudinal plane are presented in this section. Figure 4-12 plots the Draft Rate (DR), calculated 

as in ASHRAE 55 (2004), using the local air temperature, air speed and turbulence, for both 

supply conditions studied. The DR plotted at each distance from the diffuser corresponds to the 

maximum DR from measurements taken in the 0-0.20 m height range. For distances lower than 

2 m, Figure 4-12 ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ 5w ƛǎ ƘƛƎƘŜǊ ŦƻǊ ɲ¢ҐрΦлϲ/ ǘƘŀƴ ŦƻǊ ɲ¢ҐнΦпϲ/Σ ŘǳŜ ǘƻ ǘƘŜ ƘƛƎƘŜǊ 

buoyancy forces. For distances from the diffuser higher than 2 m though, there is no significant 

difference between the DR values obtained for both under-temperatures. Measurements show 

that the room is not comfortable (DR higher than 20%) for the first 2.5 m from the diffuser, 

based on the maximum DR typically occurring at a height of 0.04 m in the secondary zone. It is 

noteworthy that considering only measurements at a height of 0.10 m would underestimate 

this draft zone by almost one meter. 

Vertical Air Temperature Difference 

Figure 4-12 also plots the Vertical Air Temperature Difference (VATD) for a seated person. VATD 

is calculated based on the air temperature measured at 0.10 m from the floor at several 

distances from the diffuser, and on the air temperature measured at the height of 1.1 m in the 
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middle of the room. According to our measurements, the air temperature at the height of 1.1 m 

does not vary by more than 0.1°C for distances from the diffuser between 0.36 m and 2.16 m. 

Consequently, the Vertical Air Temperature Difference variations are solely due to the variations 

of air temperature at 0.10 m from the floor. Figure 4-12 shows that all VATD values are 

acceptable (below 3°C) when the under-temperature is 2.4°C, regardless of the distance from 

diffuser. However, in the case of under-temperature of 5.0°C locations at less than about 1.5 m 

from the diffuser are uncomfortable (VATD above 3°C), while for greater distances the 

conditions are comfortable.  These results suggest that the local comfort/discomfort at the 

ankle level should be estimated using the temperature in the air jet, measured at different 

distances from the diffuser, rather than using one single value such as recommended by the 

50% rule. 

 

Figure 4-12 : VATD and maximum Draft Rate at floor level for both supply conditions 

4.2 Experimental measurements on the large diffuser (1.2 m x 0.6m) 

The air speed and temperature distribution in the DV jet with the second diffuser are similar, 

qualitatively speaking, to the distributions found with the first diffuser. The discussion in this 

section is then shorter than the one in the previous section. Complete tabulated data for 
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measurements with the second diffuser are available in appendix. The second part of this 

section focuses on comparing the temperature and air speed distributions with the two 

diffusers. 

 

Figure 4-13 : Diffuseur DF1W 1.2m x 0.6 m 

4.2.1 Air speed measurements in the vertical longitudinal plane 

Figure 4-14 and Figure 4-15 show the air speed distribution measured in the vertical 

longitudinal plan for two supply conditions studied. Similarly to measurements with the smaller 

diffuser, the jet displays a primary zone, where the jet falls onto the floor while increasing the 

air speed, and the secondary zone, where the thickness of the jet is mostly constant and the air 

speed decreases. The length of the primary zone (0.76 m) is smaller than the one of the first 

diffuser studied (1.16m-1.36 m). 
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Figure 4-14: Air speed distribution in the vertical longitudinal plane for an under-temperature of 2.5°C (diffuser 1.2 m x 0.6 m) 

 

Figure 4-15: Air speed distribution in the vertical longitudinal plane for an under-temperature of 5.5°C (diffuser 1.2 m x 0.6 m) 

4.2.2 Temperature distribution in the horizontal plane at 0.05 m from the floor 
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Figure 4-16 and Figure 4-17 shows the temperature distribution in the horizontal plane at 0.05m 

from the floor for the two supply conditions studied. As for previous measurement, the air 

temperature increases as the distance from the diffuser increases, due to heat transfer with the 

floor and mixing with indoor air. This confirms the fact that the air temperature at floor level 

varies significantly, and should be taken into account accordingly when assessing local thermal 

comfort. 

 

Figure 4-16: Temperature distribution in the horizontal plane at a height of 0.05 m for an under-temperature of 2.5°C (diffuser 

1.2 m x 0.6 m)  

 

Secondary 
Zone  

Primary 
Zone  



53 

 

 

Figure 4-17: Temperature distribution in the horizontal plane at a height of 0.05 m for an under-temperature of 5.5°C (diffuser 

1.2 m x 0.6 m) 

4.2.3 Comparison of the two diffusers tested 

In this thesis, two wall diffusers designed for displacement ventilation were studied: a diffuser 

DF1W of size 0.6 m x 0.6 m (HxW), and a diffuser DF1W of size 1.2 m x 0.6 m (HxW). 

Measurements were performed for both diffusers under similar supply conditions (Table 4-2). 

The variations in temperature and air speed profiles in the experimental data are therefore due 

to the change of height of the diffuser and the specific air speed profile at the diffuser exit. 

Secondary  
Zone  

Primary 
Zone 
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Table 4-2: Supply conditions for experimental work for the two diffusers 

 
Flowrate 

[m3/s] 

Under-

temperature 

ɲ¢s [°C] 

Supply-

temperature 

[°C] 

Temperature 

at a height 

of 1.1 m [°C] 

Diffuser 0.6 m x 0.6 m 0.035 
2.4 19.4 21.8 

5.0 16.9 21.9 

Diffuser 1.2 m x 0.6 m 0.032 
2.5 19.4 21.9 

5.5 16.8 22.3 

 

Figure 4-18 shows the maximum air speed profiles measured in the vertical longitudinal plane 

for each supply conditions for the two diffusers studied. Figure shows that, for a same supply 

under-temperature, the maximum air speed reached in the jet is smaller for the largest diffuser 

than for the smaller one. This result can be explained by the smaller exhaust velocity in the 

longer diffuser. Figure 4-18 also shows that the length of the primary zone is smaller for the 

longer diffuser than for the smaller one. For the diffuser and supply conditions tested, the 

length of the primary zone seems therefore to increase primarily with increasing exhaust air 

velocity and, to a lower extent, with increasing supply under-temperature. 
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Figure 4-18: Maximum air speed profiles in the vertical longitudinal plane for the two diffusers tested 

 

Figure 4-19 shows the longitudinal profiles of minimum temperature in the jet for each supply 

condition for the two sizes of diffuser. The temperature profiles show that, for a same supply 

under-temperature, the air temperature is higher with the longer diffuser than with the smaller 

one. This result might be explained by more air entrainment in the jet with the longer diffuser, 

due to its largest surface area and its lower exhaust velocity. More air entrainment is also 

consistent with the lower air speed noted in Figure 4-18. 
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Figure 4-19: Minimum temperature profile in the vertical longitudinal plan for the two diffusers tested (measurement 

uncertainty of 0.5°C) 

 

Our results indicate that, for the diffusers and supply conditions tested, using a longer diffuser is 

better in terms of local thermal comfort. Indeed, with the longer diffuser, the maximum air 

speed in the jet is reduced, leading to lower draft discomfort. The primary zone, where no 

occupants should be located, is also reduced with the higher diffuser. In addition, using a higher 

diffuser increases the air temperature in the jet, leading to a lower head-to-ankle temperature 

difference, hence a better local comfort. The changes of temperature and air speed in the jet 

are due to higher air entrainment. For the experimental conditions studied, the higher air 

entrainment did not show any negative effect in terms of temperature stratification. 
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4.3 Additional measurements on the 0.6 m x 0.6 m diffuser 

This section summarizes the results of the series of measurements described in section 3.3, 

focusing on the effect of different supply under-temperature on the DV jet and on the 

characteristics of the jet at the end of the primary zone. All the experimental data is tabulated 

and available in Appendix. 

4.3.1 Measurements at 0.05 m in front of the diffuser 

Figure 4-20 shows the air speed measured at 0.05 m in front of the diffuser on a vertical axis 

passing through the center of the diffuser, for the five supply conditions studied. The vertical 

profile of air speed in Figure 4-20 display the same characteristics as discussed in section 4.1. 

Figure 4-20 shows that the air speed profile is not significantly affected by the supply under-

temperature for the supply conditions tested. This result indicates that the air speed profile at 

the diffuser exit is not affected by the supply under-temperature, even for the relatively low 

flow rate used in the measurements (0.035 m3/s). 
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Figure 4-20: Vertical  profiles of air speed at 0.05 m in front of the diffuser for the five supply temperatures studied 

 

Figure 4-21 shows the air temperature measured at 0.05 m in front of the diffuser on a vertical 

axis passing through the center of the diffuser, for the supply conditions studied. The 

temperature is then normalized according to the supply air temperature and the air 

temperature in the middle of the room at a height of 1.1 m. Figure 4-22 shows that the profile 

of normalized temperature in front of the diffuser is not significantly affected by the supply 

under-temperature for the supply conditions tested. The greater discrepancies appear for low 

supply under-temperature; these discrepancies are however explained by the experimental 

measurements error (0.5°C), which becomes significant once normalized.  
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Figure 4-21 : Vertical profiles of air temperature at 0.05 m in front of the diffuser for the five supply temperatures studied 

 

Figure 4-22 : Vertical profiles of normalized air temperature at 0.05 m in front of the diffuser for the five supply temperatures 

studied 
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As a conclusion, our results indicate that the vertical profiles of air speed and normalized 

temperature in front of the diffuser are not significantly affected by the supply under-

temperatures for the diffuser and supply flow-rate tested. As the flow rate used in our 

measurements was relatively low (0.035 m3/s), it is reasonable to assume that, for higher flow 

rates, the effect of supply temperature would have an even smaller effect, because the ratio of 

gravity to kinetic forces would be even smaller. 

 

4.3.2 Air speed and temperature profiles in the vertical longitudinal plane 

Figure 4-23 shows the profiles of maximum air speed in the vertical longitudinal plane for the 

supply under-temperatures tested. The general shape of the air speed profile is similar to the 

one described in section 4.1, with an increase of air speed in the first part of the jet (primary 

zone) and a decrease of air speed in the second part of the jet. The maximum air speed reached 

at the end of the primary zone is different for each supply conditions tested, and generally 

increases with increasing under-temperature. This is explained by the higher buoyancy forces 

acting on the jet at higher supply under-temperatures.  
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Figure 4-23 : Longitudinal profiles of maximal air speed for the five supply temperatures studied 

 

Figure 4-24 shows the profiles of minimum temperature in the vertical longitudinal plane for 

the supply under-temperatures tested. The general shape of the air temperature profile is 

similar to the one described in section 4.1, with the temperature increasing as the distance 

from the diffuser increases. The extent of the increase is different for each supply temperature, 

with the air temperature rising significantly for an under-temperature of 6.3°C and the 

temperature being almost constant for the under-temperature of 1.5°C. 
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Figure 4-24: Longitudinal profiles of minimal air temperature for the five supply temperatures studied 

 

4.3.4 Characteristics of the DV jet at the end of the primary zone 

Thanks to the maximum air speed profile, the length of primary zone was determined. This 

distance corresponds to the distance from the diffuser at which the air speed reaches its 

maximum, for each supply condition. The lengths of the primary zone for each supply 

conditions are summarized in Table 4-3. The length of the primary zone decreases with 

increasing under-temperature. This result is consistent with previous results in the literature 

(Etheridge and Sandberg, 1996). The existing models to predict the length of the primary zone 

(Etheridge and Sandberg, 1996; Nordtest, 2009) were not found applicable for our data. 
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Table 4-3: Length of primary zone and height of maximum air speed at the end of the primary zone for various supply under-

temperatures 

 

 

Flow rate 
[m3/s] 

Under-
temperature 

ɲ¢s [°C] 

Estimated length 
of the primary 

zone [m] 

Height of 
maximum air 

speed [m] 

Diffuseur 0.6 
m x 0.6 m 

0.035 

1.5 1.46 0.05 

2.4 1.36 0.04 

3.7 1.26 0.04 

5.0 1.16 0.04 

6.3 1.06 0.03 

Figure 4-25 shows the vertical profile of air speed at the end of the primary zone for the five 

supply conditions studied. This figure shows that, at the transition between the primary and 

secondary zone, the vertical profile of air speed seems to follow the classical wall-jet profile. 

The height of maximum air speed is slightly different for each supply under-temperature 

studied. This thickness generally decreases as the supply under-temperature increases. This is 

most likely due to the stronger buoyancy forces for higher supply under-temperatures.  
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Figure 4-25: Vertical profiles of air speed at the end of primary zone for the five supply temperatures studied 

 

Figure 4-26 and Figure 4-27 show respectively the air speed and air temperature measured at 

the end of the primary zone, at the height of maximum air speed, for different supply 

temperatures. Figure 4-26 shows that the spreading of the jet in terms of air speed is mostly 

similar for the different supply under-temperature. This could indicate that the transversal 

profile of air speed is primarily influence by the diffuser characteristics. As for air temperature, 

Figure 4-27 shows that the air temperature profile is more uniform for lower supply under-

temperatures. 
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Figure 4-26: Transversal profiles of air speed at the end of primary zone at the height of maximal air speed for the five supply 

temperatures studied 

 

Figure 4-27 : Transversal profiles of air temperature at the end of primary zone at the height of maximal air speed for the five 

supply temperatures studied 
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4.4 Summary 

This chapter presented the experimental results of measurements performed on a very fine 

mesh in the DV jet, covering the longitudinal, transversal, and vertical directions. These 

measurements were performed on two diffusers, for several under-temperatures. The 

conclusions of these measurements can be summarized as follows: 

 

Regarding the variation of air speed in the DV jet: 

o Measurements confirm the clear separation of the jet between a primary zone and a 

secondary zone 

o The air speed varies significantly with the distance from the diffuser, and also varies with 

the distance from the longitudinal axis and with height. 

 

Regarding the variation of air temperature in the DV jet: 

o The air temperature varies significantly in the DV jet, and cannot be represented with a 

single value as suggested by previous studies. 

o In the secondary zone, the air temperature varies primarily with the distance from the 

diffuser, and to a lesser extent with the distance from the longitudinal axis and with 

height. 

 

Regarding the air distribution at the diffuser exit: 

o Both the air speed and temperature vary significantly over the diffuser area. These 

variations appear to be important enough to be considered in further models. 
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o Some vortices seem to appear under the diffuser studied. Proper representation of 

these vortices might be important in Computational Fluids Dynamics (CFD) modeling of a 

DV jet. 

 

Regarding the transition between the primary zone and the secondary zone: 

o The transition between the primary zone and the secondary zone occurs at different 

distances form the diffuser for each diffuser and supply condition studied 

o The maximal air speed reached at the end of the primary zone is different for each 

diffuser and supply condition studied 

o The height at which the maximal air speed is reached is different for each supply 

condition studied 

 

The next chapter focuses on further analysis of the experimental results using appropriate 

normalizations, and on the development of models to represent the variations of air speed and 

temperature in the DV jet.  
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5. CHAPTER 5: DATA ANALYSIS 

AND CORRELATIONS 

 

This chapter presents the analysis of the experimental data and the models developed. After an 

analysis using existing models in the literature (section 5.1), a new correlation-based model is 

presented for the air speed decay in a DV jet. This model is elaborated as a two-step process, 

first studying the primary zone (section 5.2), then focusing on the secondary zone (5.3). In the 

second part of this chapter, the air speed in the jet is studied according to its variation in the 

vertical and transversal planes (section 5.5 and 5.7). A deep study of the variation of the jet 

thickness is also proposed (section 5.6). Finally, the variations of air temperature in the jet are 

studied (section 5.8). 

 

5.1 Analysis of existing models for air speed decay in a DV jet 

Several models exist in the literature to represent the air speed decay in a DV jet. This section 

discusses these models and how they perform with the experimental data. 

 

bƛŜƭǎŜƴΩǎ ƳƻŘŜƭ 

bƛŜƭǎŜƴΩǎ ƳƻŘŜƭ όbƛŜƭǎŜƴΣ мффмύ ǊŜǇǊŜǎŜƴǘǎ the air speed decay using a single correlation 

parameter KN, as described in Equation 2-2. In this section, this model was applied with the 

maximum air speed measured on the longitudinal axis, in the secondary zone, for each supply 

condition tested for the diffuser DF1W of size 0.6 m x 0.6 m (see Chapter 4, section 3). Table 5-1 
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shows the coefficient of determination R2, computed to minimize the sum of squared error 

between the measured and correlated air speeds. Table 5-1 summarizes the results for each 

supply condition tested. 

 

Table 5-1: KN coefficient for various supply under-temperatures 

Under-
temperature 

ɲ¢s [°C] 

KN R2 

1.5 
7.1 0.67 

2.4 
6.8 0.77 

3.7 
6.7 0.83 

5.0 
6.8 0.93 

6.3 
6.7 0.76 

 

The KN constants have values between 6.7 and 7.1 for the test conditions. Table 5-1 shows that 

the accuracy of NƛŜƭǎŜƴΩǎ ƳƻŘŜƭ ƛǎ ƎŜƴŜǊŀƭƭȅ ŀŎŎŜǇǘŀōƭŜ, with R2 values higher ranging from 0.67 

to 0.93. The accuracy gets lower as the under-temperature decreases. The literature mentions 

that the correlation coefficients are dependent on supply conditions. In this study, the 

coefficients however seem mostly independent of the supply under-temperature. Figure 5-1 

shows the experimental data for the under-temperature of 2.4°C, as well as the correlation from 

NielsenΩǎ ƳƻŘŜƭΦ ¢Ƙƛǎ ŦƛƎǳǊŜ ǎƘƻǿǎ ǘƘŀǘ bƛŜƭǎŜƴΩǎ ƳƻŘŜƭ Ƙŀǎ difficulties capturing the air speed 

decay as the distance from the diffuser increases. The same effect is observed for the other 

supply temperatures tested. 
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Figure 5-1: Measured and correlated air speed decay for an under-temperature of 2.4°C 

 

 

Nordtest model 

A more recent model for the air speed decay in a DV jet is the model mentioned in Nordtest VVS 

083 (Nordtest, 2009). This model uses three correlation coefficients, as described in Equation 

5-1. The particularity of this model is that the coefficients are independent of supply conditions. 

ὠὢ ὯϽὃὶϽὄϽ
ὢ

ὒ
 

Equation 5-1 

where: 
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¶ V(X) is the maximum air speed at a distance X from the diffuser from the 

longitudinal axis  [m/s]; 

¶  ArN is the Archimedes number as defined in Nordtest (2009)  [-]; 

¶ Bf is the buoyancy flux defined in Nordtest (2009)  [m/s]; 

¶ L is the horizontal perimeter of the diffuser [m], and; 

¶ k1 k2 and k3 are experimentally determined coefficients. 

 

For this analysis, the air speed data on the longitudinal axis for the five supply conditions on 

diffuser DF1W (0.6 m x 0.6 m) were combined. Equation 5-1 was then applied, with the 

correlation coefficients (k1, k2, k3) found through an iterative process to maximize the coefficient 

of determination R2. The final equation including the optimal correlation coefficients is 

displayed in Equation 5-2. 

 

ὠὢ ρτȢωϽὃὶπȢσυϽὄϽ
ὢ

ὒ

πȢωυ

 
Equation 5-2 

 

The Nordtest model performs very well with our experimental data, with an overall coefficient 

R2 of 0.91. The agreement between measured and correlated data is good, as shown in Figure 

5-2. However, this model uses 3 different correlation coefficients, which makes it quite complex. 

Also, the physical meaning of those correlation coefficients is unclear. For instance, in this case, 

the air speed in the jet is inversely correlated with the Archimedes term (exponent -0.35), which 

seems opposite to the physical sense. An increased Archimedes number means increased 

buoyancy forces, which should increase the air speed; the exponent should therefore be 

positive. It is unclear if this negative exponent is due to overfitting or is representative of a 

deeper physical phenomenon. 
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Figure 5-2: Measured versus correlated air speed for the Nordtest model for the five supply conditions tested 

 

 

Conclusion 

As a conclusion of this section, the models available in the literature are somewhat limited in 

correlating the air speed decay ƛƴ ŀ 5± ƧŜǘΦ bƛŜƭǎŜƴΩǎ model is simple, but its accuracy is 

sometimes low and the coefficients are generally dependent on a specific case. The Nordtest 

model is a significant improvement as it is applicable for several supply conditions 

simultaneously, but this model relies on 3 different correlation parameters, which makes it 

complex to use or to interpret the physical meaning of those coefficients.  A further limitation of 

existing models is that they focus only on the secondary zone of the DV jet. The primary and 

secondary zones of a DV jet are however two very different physical phenomena, which deserve 
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each a specific analysis. In order to study the air speed distribution in a DV jet, the author 

therefore proposes a new methodology, separating the analysis of the DV jet into its two 

distinct zones, to follow the physical phenomenon of the jet. 

 

5.2 Determination of the maximal air speed at the end of the primary zone 

In the analysis performed in this section, only the terminal maximum air speed at the end of the 

primary zone is studied. Determining the precise variations of velocity in the primary zone is 

indeed of little value for designers, as no occupants should be placed in this zone given that the 

high air speeds and low temperatures in this zone are generally deemed unsuitable for comfort 

(Skistad et al. 2002). The maximum air speed at the end of the primary zone, however, is 

important both in terms of comfort and in the analysis of the secondary zone. In this section, 

the analysis focuses on the terminal maximal air speed, neglecting voluntarily the analysis of 

complex phenomena occurring between the diffuser and the end of the zone. In order to do so, 

three parts are presented: 1) the development of a mathematical model of the jet assuming no 

air entrainment, 2) a correction of the mathematical model to account for air entrainment, and 

3) the validation of the mathematical model using experimental data. 

5.2.1 Determination of the maximal air speed in a DV jet without air entrainment  

In order to determine the maximal air speed at the end of the primary zone, the principle of 

conservation of energy is applied on the primary zone of the DV jet. In this study, the principle 

of conservation of energy is applied between 0.05 m from the diffuser (diffuser exit) and the 

end of primary zone (Figure 5-3). Starting the analysis at 0.05 m from the diffuser ensures that 

the specific air speed distribution from the diffuser is taken into account.  
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Figure 5-3: Control volume and control surfaces in the primary zone 

 

Conservation of energy in the primary zone 

The principle of conservation of energy states the sum of kinetic, potential, and internal energy 

should be conserved throughout the primary zone. In this thesis, the potential energy will refer 

to the apparent potential energy, caused by the buoyancy forces acting on the jet. Since no 

entrainment is considered, and since the heat transfer between the jet and the floor is 

neglected, the internal energy of the jet can be considered as constant. Only the kinetic and 

potential energies are then of interest in analyzing the jet, as pointed out by Sandberg and 

Blomqvist (1989). The conservation of energy in the primary zone can therefore be written as 

follows: 

+ Ȣ %Ð Ȣ + %Ð  Equation 5-3 

Where: 
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¶ K0.05 is the rate of kinetic energy flowing through the control surface at 0.05 m from the 

diffuser [kg.m2/s3]; 

¶ Ep0.05 is the rate of potential energy flowing through the control surface at 0.05 m from 

the diffuser [kg.m2/s3]; 

¶ KEPZ is the rate of kinetic energy flowing through the control surface at the end of the 

primary zone [kg.m2/s3], and; 

¶ EpEPZ is the rate of potential energy flowing through the control surface at the end of the 

primary zone [kg.m2/s3]. 

Kinetic and potential energies at 0.05 m from the diffuser 

The kinetic and potential energy in the DV jet at 0.05 m from the diffuser can be determined 

from measured data. They can be expressed as shown in Equation 5-4 and Equation 5-5. All the 

variables in this equation can be measured and finally tabulated in the manufactǳǊŜǊΩǎ 

catalogue. 

+ Ȣ
ρ

ς
Ͻ ʍϽὠȢ ὤ ϽὨὣϽὨὤ 

Equation 5-4 

%Ð Ȣ ʍϽ
ὫϽὝ ὝȢ ὤ

Ὕ
ϽὤϽὠȢ ὤϽὨ9ϽὨὤ 

Equation 5-5 

Where: 
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¶ V0.05 is the velocity in the jet at 0.05 m from the diffuser at a distance Y from the 

longitudinal axis  and at a height Z [m/s]; 

¶ Y is the distance from the longitudinal axis [m]; 

¶ Z is the height from the floor [m]; 

¶ g is the acceleration of gravity [m/s2]; 

¶ Troom is the room temperature, taken as the temperature measured in the middle of the 

room at a height of 1.1 m [K], and; 

¶ T0.05 is the air temperature in the jet at 0.05 m from the diffuser at a distance Y from the 

longitudinal axis and at a height Z [K]. 

 

Rearranging the equations, and introducing the variables V0.05 wavg
2 and ώƎΩ.Z]0.05 wavg, Equation 

5-4 and Equation 5-5 can be rewritten as Equation 5-6 and Equation 5-7. These notations are 

used to simplify the further readability. In this analysis, it is assumed that the air speed does not 

vary significantly over the width of the diffuser, and that the variations in air density are 

negligible.  

+ Ȣ
ρ

ς
Ͻά Ȣ ϽὠȢ   Equation 5-6 

%Ð Ȣ ά Ȣ Ͻ%ÐȢ   Equation 5-7 

Where: 

¶ ά Ȣ  is the mass flow rate in the DV jet at 0.05 m from the diffuser [m3/s]; 
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¶ V0.05 wavg
2
 is a weighted average of the square air speed at 0.05 m from the diffuser 

[m2/s2], calculated as     ὠȢ   
ϽȢ
Ͻ᷿ ὠȢ ὤ ϽὨὤ   and; 

¶ Ep0.05 wavg
  is a weighted average of the potential energy per kg/s at 0.05 m from the 

diffuser [m2/s2], calculated as ὫϽὤ Ȣ  Ͻ Ȣ
Ͻ᷿

Ͻ Ȣ ϽὤϽ

ὠȢ ὤϽὨὤ 

 

Kinetic and potential energies of the DV jet at the end of the primary zone 

The kinetic and potential energies at the end of the primary zone can be calculated from the air 

speed distribution in the jet at that point. Experimental data from this study (see Chapter 3) 

show that, at the end of the primary zone, the air speed in the jet follows a wall-jet-like vertical 

profile (Equation 5-9) and a Gaussian transversal profile (Equation 5-10). This result is in 

agreement with previous research (Skistad et al.  2002). The air speed at the end of the primary 

zone can then be written as: 
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ὠὢ ȟὣȟὤ Equation 5-8 

Where the wall-jet profile function f is defined as (Rajaratnam, 1976): 
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Equation 5-9 

And where the Gaussian transversal profile function g is defined as: 
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Equation 5-10 
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Using Equation 5-8, the kinetic energy at the end of the primary zone (Equation 5-11) can be 

computed. Equation 5-11 is rearranged and numerically integrated as shown in Equation 5-12 to 

Equation 5-19. The kinetic energy at the end of the primary zone, assuming no entrainment, can 

then be expressed as Equation 5-20. 
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Equation 5-14 

 

 

 

In order to simplify Equation 5-14, we need to introduce the mass flow-rate (Equation 5-15). 

After rearrangement (Equation 5-16) and numerical integration, Equation 5-15 leads to Equation 

5-17. 
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Equation 5-16 

 

 

ά ρȢσψπϽ” Ͻὠ  Ͻ‏ Ͻὦ  Equation 5-17 

 

Rearranging Equation 5-14 with help of Equation 5-17, we get: 
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Equation 5-18 

 

 

Numerical integrations lead to: 
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The potential energy in the jet at the end of the primary zone (Equation 5-21) can also be 

computed using Equation 5-8. Equation 5-21 is rearranged and numerically integrated as shown 

in Equation 5-22 to Equation 5-25. After numerical integration and rearranging, the potential 

energy at the end of the primary zone can be expressed as Equation 5-26. 
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Equation 5-21 
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Equation 5-22 
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Equation 5-23 

 

 

Using Equation 5-17, we get: 
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Equation 5-24 

 

 

 

Numerical calculations lead to: 
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Ὁὴ   
ρ

ρȢσψπ
 ϽρȢχρφϽπȢσφπϽά  ϽὫᴂϽ‏  Equation 5-25 

 

Ὁὴ   πȢττωϽά  ϽὫᴂϽ‏  Equation 5-26 

  

Maximum air speed at the end of the primary zone assuming no entrainment 

Replacing Equation 5-6, Equation 5-7, Equation 5-20 and Equation 5-26, into Equation 5-3, the 

conservation of energy in the primary zone of a DV jet, assuming no entrainment, can be 

expressed as: 
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%ÐȢ  

 ά ϽπȢτςωϽὠ  πȢττωϽ
ὫϽὝ ὝȢ  

Ὕ
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Equation 

5-27 

 

Rearranging Equation 5-27, the maximal air speed at the end of the primary zone can be 

expressed as a function of the jet properties at 0.05 m from the diffuser. In addition, since it is 

assumed there is no entrainment, the mass flow rate at the end of the primary zone Í  is 

the same as the mass flow rate at 0.05 m form the diffuserÍ Ȣ . The maximum air speed at 

the end of the primary for a DV jet without entrainment can then be expressed as: 
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Equation 

5-28 

Where:  
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¶ ʰм ŀƴŘ ʰн ŀǊŜ ƴǳƳŜǊƛŎŀƭ Ŏƻƴǎǘŀƴǘǎ ǊŜǎǇŜŎǘƛǾŜƭȅ Ŝǉǳŀƭ ǘƻ мΦтлт ŀƴŘ лΦссоΦ 

5.2.2 Correction for the entrainment of room air 

In the previous section, a formulation for the maximum air speed in the jet at the end of the 

primary is developed assuming no entrainment of room air in the DV jet. Meanwhile, 

measurements performed by the author show that a non-negligible quantity of indoor air is 

entrained in the DV jet (see Chapter 4). Equation 5-28 therefore needs to be corrected in order 

to take into account this entrained air (Figure 5-4).  

 

 

Figure 5-4: DV jet assuming entrainment 

Conservation of momentum in the jet 

At the end of the primary zone, the DV jet is composed of both air from the original unmixed 

jet, and of entrained room air. At the end of the primary zone, the momentum in the complete 

jet, i.e. including entrained air, is equal to the sum of the momentum from the jet without 

entrainment and of the momentum of the entrained air (Equation 5-29). 

Original DV-jet Entrained indoor air 

Complete jet 

with entrainment 

 PRIMARY ZONE 

       0.05 m from the diffuser 
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ὓέά   ὓέά  ὓέά    Equation 

5-29 

Where:  

¶ ὓέά   is the momentum flowrate in the jet with entrainment 

[kg.m/s2]; 

¶ ὓέά   is the momentum flowrate in the jet without entrainment 

[kg.m/s2], and; 

¶ ὓέά   is the momentum flowrate of the entrained air [kg.m/s2]. 

Outside of the DV jet, the room air is mostly still, with air speeds in the order of 0.01-0.05 m/s, 

as measured by the author. The momentum input from the entrained indoor air can therefore 

be considered as negligible. The conservation of momentum can then be reduced to Equation 

5-30. 

ὓέά    ὓέά     Equation 

5-30 

Calculation of the momentum terms 

The momentum terms in Equation 5-30 can be calculated by using the vertical and transversal 

air speed profiles at the end of the primary zone (Equation 5-8). The momentum term without 

entrainment is given as an example (Equation 5-31). After rearrangement and numerical 

integrations (Equation 5-32 to Equation 5-35), the momentum term can be reduced to Equation 

5-36. Similarly, the momentum term including entrainment can be reduced to Equation 5-37. 

The momentum terms are then written as a function of the mass flow rate times the maximal 

air speed. 
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Equation 5-34 

 

 

Using Equation 5-17, we get: 
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Equation 5-35 

 

 

After numerical integration, we get: 

ὓέά  

πȢτψψϽά   Ͻὠ     

Equation 

5-36 

Similarly, for the momentum with entrainment, we get:  

ὓέά   πȢτψψϽά   Ͻὠ      Equation 

5-37 

Using Equation 5-36, Equation 5-37 and Equation 5-30, the maximum air speed at the end of 

the primary zone in the complete DV jet (including air entrainment) can be written as the 

maximal air speed in the DV jet calculated without entrainment multiplied by the ratio of the jet 

initial mass flow-rate divided by the jet total mass flow-rate at the end of the primary zone. 

ὠ     ‎Ͻὠ       Equation 

5-38 

Where:  

¶ ʴ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ Ǌŀǘƛƻ ōŜǘǿŜŜƴ ǘƘŜ Ƴŀǎǎ Ŧƭƻǿ-rate at 0.05 m from the diffuser and the 

mass flow-rate at the end of the primary ( Ȣ

 
), (1- ʴύ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŜƴǘǊŀƛƴƳŜƴǘ 

of room air in the DV jet in the primary zone [-]. 
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Final equation for the maximum air speed at the end of the primary zone of a DV jet 

Combining Equation 5-38 and Equation 5-28, the maximal air speed at the end of the primary 

zone of a DV jet can be expressed as Equation 5-39. 

 

ὠ   ‌‎Ͻ ὠȢ  ςϽ%ÐȢ  ‌Ͻ
Ͻ Ȣ  Ͻ‏    

Equation 

5-39 

 

 

 

 

Equation 5-39 is composed of four elements. First, there is a multiplying factor in front of the 

square root; this factor accounts for the entrainment of room air in the DV jet. Then, there are 

three terms inside the square root representing respectively: the initial kinetic energy of the jet 

exiting the diffuser (considered here at 0.05 m from the diffuser), the initial potential energy of 

the jet exiting the diffuser, and the potential energy remaining in the jet at the end of the 

primary zone. It should also be noted that the two initial energy terms take into account the 

height, width and specific face velocity distribution of the diffuser. These factors can be 

measured and catalogued by manufacturers and provided to engineers or building operators. 

 

5.2.3 Validation with experimental data 

Validation of the theoretical model is performed using the measurements discussed in Section 4 

of Chapter 4. The data used for analysis is composed of a series of measurements performed on 

factor 
accounting 
for 
entrained 
room air 

initial 
kinetic 
energy 

remaining potential 
energy at the end of 
the primary zone 

initial 
potential 
energy 
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the diffuser of size 0.6 m x 0.6, for five different under-temperatures, at a given flow-rate (see 

Table 5-2). 

Table 5-2: Experimental conditions for the validation data 

Supply flow-rate 
[m3/s]  

0.035 

Under-temperature 
[°C] 

1.5 2.4 3.7 5 6.3 

Supply air 
temperature [°C] 

20.6 19.4 18.8 16.9 15.4 

Room air temperature 
at 1.1 m [°C] 

22.0 21.8 22.5 21.9 21.7 

 

 

Identification of  variables used in Equation 5-39 

Five variables need to be determined to enable the use of Equation 5-39. These variables are 

calculated based on the experimental data and are reported in Table 5-3. The following 

conclusions can be made regarding these parameters for the diffuser and experimental 

conditions studied: 

¶ The parameters V0.05 wavg
2, Ep0.05 wavg, and T0.05 wavg, are sensitive to the specific face velocity profile 

from the diffuser. These factors can however be quite easily tabulated by HVAC manufacturers. 

Also, as mentioned in section 3.4, the air speed profile at 0.05 m from the diffuser does not 

change for the range of under-temperature studied for the diffuser tested. Therefore, the 

parameter V0.05 wavg
2 is also relatively unchanged for the under-temperatures and the diffuser 

studied. An average value can therefore be used in calculations. 

¶ ¢ƘŜ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ƧŜǘ ŀǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǇǊƛƳŀǊȅ ȊƻƴŜΣ ʵjet EPZ , varies with the supply under-

temperature. This variation is however relatively small (between 0.14 m and 0.18 m for the 

range of under-temperature studied). An average thickness value can therefore be used in 
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calculation.  

¶ CƛƴŀƭƭȅΣ ǘƘŜ ǇŀǊŀƳŜǘŜǊ ʴΣ ŀŎŎƻǳƴǘƛƴƎ ŦƻǊ ǘƘŜ ŜƴǘǊŀƛƴƳŜƴǘ ƻŦ room air can be considered as mostly 

constant for the range of under-temperature studied. An average value can therefore be used in 

calculations. 

Table 5-3: Parameters of Equation 5-39  from measurements 

Under-
temperature 

[°C] 
V0.05 wavg

2 
Ep 0.05 

wavg 
T0.05 wavg jɻet EPZ Ω 

1.5 0.054 0.008 20.7 0.18 0.68 

2.4 0.060 0.015 19.6 0.16 0.72 

3.7 0.056 0.021 19.2 0.15 0.69 

5.0 0.060 0.028 17.5 0.14 0.64 

6.3 0.060 0.033 16.4 0.14 0.68 

Average (if 
relevant) 

0.058 N.A. N.A. 0.15 0.68 

 

Comparison with experimental data 

Using Equation 5-39 and the parameters from Table 5-3, the maximum air speed in the DV jet at 

the end of the primary zone can be evaluated for each supply condition studied. Results are 

shown in Table 5-4, with calculations made first using the parameters calculated for each supply 

under-temperature and then using averaged parameters. The maximum air speed from 

experiments is also shown for comparison. 
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Table 5-4: Estimated and measured maximum velocities 

Under-temperature [°C] 1.5 2.4 3.7 5.0 6.3 

Measured maximum air speed 
[m/s]  

0.32 0.36 0.37 0.42 0.41 

Maximum air speed  
calculated using specific 
parameters [m/s] 

0.29 0.36 0.37 0.38 0.42 

Error [m/s] -0.03 0.00 0.00 -0.04 0.01 

Maximum air speed  
calculated using averaged 
parameters [m/s] 

0.30 0.34 0.37 0.40 0.42 

Error [m/s] -0.02 -0.02 0.00 -0.02 0.00 

 

Table 5-4 shows that the model predicts the maximal air speed with good accuracy in both 

cases. Using averaged values actually improves the prediction and gives errors that are lower 

than the measurement uncertainty (0.03 m/s). This is probably due to the fact that using 

averaged values lowers the impact of individual measurements errors. Since the errors are 

lower than the measurement uncertainty, the model can be considered as validated for the set 

of experimental data of this study. 

 

5.3 Normalization and correlation for the air speed in the secondary zone 

In addition to maximal air speed at the end of the primary zone, the whole air speed 

distribution is required to design a DV system. This section focuses on the study of the variation 

of maximal air speed with the distance from the diffuser, in the secondary zone of the DV jet, 

using a normalization developed by the author and validated with published data. 
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5.3.1 Data used for the study of the secondary zone 

In order to analyze the air speed profile in the secondary zone, data from this study and from 

other available DV measurements are analyzed. The details and sources for the experimental 

data used are summarized in Table 5-5. This figure is not limited to the secondary zone; it 

includes also the primary zone. The analysis is based on the study of a total of 13 maximum air 

speed profiles in the secondary zone of a DV jet, from seven different diffusers. The profiles or 

maximum air speed of the different DV jets are plotted in Figure 5-5. 

 

 

 

 

Table 5-5: Experimental data used for normalization 

Case 
number 

Diffuser 
Supply 

flow rate 
[m3/s] 

Supply under-
temperature 

[°C] 
Reference 

1 

Flat wall-mounted diffuser 
of size 0.6m x 0.6m (H x 

W) 

0.035 1.5 

Magnier et al. 2012 

2 0.035 2.4 

3 0.035 3.7 

4 0.035 5.0 

5 0.035 6.3 

6 Flat wall-mounted diffuser 
of size 1.2m x 0.6m (H x 

W) 

0.032 2.5 

7 0.032 5.6 

8 
Radial diffuser of diameter 

0.25 m 
0.037 4.4 Schild et al. 2003 

9 
Flat wall diffuser of size of 
perforated area of  0.159 

m2 
0.026 6.0 

Nielsen, 2000 
10 Flat wall-mounted diffuser 

of perforated area of  
0.306 m2 

0.028 6.0 

11 0.028 3.0 
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12 
Half cylinder diffuser with 
a perforated area of 0.188 

m2 
0.029 6.0 

13 
Flat wall-mounted diffuser 

of perforated area of  
0.437 m2 

0.028 
Not given in 
the original 

study. 

 

 

Figure 5-5: Maximum air speed profiles in experimental data (not normalized) 

5.3.2 Normalization of air speed in the secondary zone 

Figure 5-5 shows that the air speed profiles from the various diffusers and supply conditions are 

very different, with different amplitudes and different air speed decay in each case. For 

instance, in Case 4, the maximum speed is about 0.42 m/s at the end of primary zone (1.2 m). 

Figure 5-5  shows alǎƻ ǘƘŜ ŜƴŘ ƻŦ ǇǊƛƳŀǊȅ ȊƻƴŜ ǿƘƛŎƘ ǾŀǊƛŜǎ ƛƴ ǘŜǊƳǎ ƻŦ ŘƛŦŦǳǎŜǊǎΩ ǘȅǇŜ ŀƴŘ 

supplying conditions. This wide variety of trends illustrates clearly the difficulty in creating a 
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general correlation for the air speed profile in a DV jet. In order to better analyze the DV jet in 

the secondary zone, the author developed a normalization model. The underlying idea of this 

model is to consider the secondary zone of the DV jet as an actual new zone, from which the jet 

can be analyzed independently of the jet behavior in the primary zone. The normalization 

model is therefore based on a normalization of the air speed according to the terminal speed at 

the end of the primary zone, and on a re-initialization of the distance from the beginning of the 

secondary zone. The normalization air speed model can therefore be described as Equation 

5-40:  

ὠ ʊ
ὠ ‚

ὠ
 Equation 5-40 

where: 

¶ Vscd ƛǎ ǘƘŜ ƴƻǊƳŀƭƛȊŜŘ ŀƛǊ ǎǇŜŜŘ ŀǘ ŀ ŘƛǎǘŀƴŎŜ ˅ ŦǊƻƳ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǇǊƛƳŀǊȅ ȊƻƴŜ ώ-]; 

¶ VM ƛǎ ǘƘŜ ƳŀȄƛƳǳƳ ŀƛǊ ǎǇŜŜŘ ŀǘ ŀ ŘƛǎǘŀƴŎŜ ˅ ŦǊƻƳ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǇǊƛƳŀǊȅ ȊƻƴŜ ώƳκǎϐΤ 

¶ VEPZ is the maximum air speed reached at the end of the primary zone [m/s] and; 

¶ ˅ ƛǎ ǘƘŜ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǇǊƛƳŀǊȅ ȊƻƴŜ ώƳϐΣ ŘŜŦƛƴŜŘ ŀǎ ˅ Ґό·-LPZ) where X is 

the distance from the diffuser [m] and LPZ is the length of the primary zone [m]. 

5.3.3 Graphical representation of the normalization model 

The air speed profiles from Figure 5-5 are normalized using Equation 5-40 and the normalized 

air speed profiles are plotted in Figure 5-6. Figure 5-7 shows that, after normalization, the air 

speed profiles from all sources display a rather similar pattern, both in terms of amplitude and 

decay. The proposed normalization is therefore effective in producing a generalized profile for 
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air speed in the secondary zone of a DV jet, independent of the diffuser types and supply 

conditions. 

 

 

Figure 5-6: Normalized maximum air speed from experimental data 

5.3.4 Regression for the normalized air speed profile 

Based on the normalized air speeds shown in Figure 5-6, a correlation-based model is 

developed for the longitudinal profile of normalized air speed in the secondary zone of a DV jet 

(Equation 5-43 and Figure 5-7 ). The coefficient of determination R2 is 0.94, showing a good 

correlation between the results of regression model (Equation 5-43) and the normalized 

experimental data. Therefore, Equation 5-41 accurately describes the decay of normalized air 

speed in the secondary zone for all the diffusers and supply conditions tested.  
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6 ʊ
ρ

ρ ρȢυϽʊ 
 Equation 5-41 

where: 

¶ Vscd is the normalized air speed in the secondary zone [-], and; 

¶ ˅ ƛǎ ǘƘŜ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǇǊƛƳŀǊȅ ȊƻƴŜ ώƳϐΦ 

 

Figure 5-7: Normalized maximum velocities and proposed correlation-based model 

 

5.3.5 Conclusion and discussion 

Combining Equation 5-40 and Equation 5-41, the maximum air speed in the secondary zone can 

be expressed as:  
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6 8 , 6 Ͻ
ρ

ρ ρȢυϽ8 ,  
  

Equation 5-42 

where : 

¶ VM(X) is the maximum air speed at a distance X from the diffuser [m/s]; 

¶ VEPZ is the maximum air speed reached at the end of the primary zone [m/s]; 

¶ X is the distance from the diffuser [m] and; 

¶ LPZ is the length of the primary zone [m]. 

 

This equation has been found valid for all the diffusers and supply conditions tested. Thanks to 

the new approach considering the secondary zone as an entirely new zone, the author 

developed a normalization model applicable to all experimental cases studied. A general 

regression equation was also created to represent the normalized air speed profile. This 

regression displayed good agreement with experimental data. Also, it can also be noted that, as 

the distance from the diffuser increases, the regression equation (Equation 5-41) becomes 

similar to the classical air speed decay equation in a DV jet (i.e. inversely proportional to the 

distance from the diffuser (Nielsen, 1994)). This equation is therefore still in agreement with 

previous studies on the non-normalized air speed decay in the secondary zone of a DV jet. 
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5.4 Combination of the primary zone and secondary zone models 

5.4.1 Maximum air speed in the secondary zone 

Combining the formula developed in the first section for the maximum air speed at the end of 

the primary zone (Equation 5-39) with the normalized air speed profile in the secondary zone 

(Equation 5-41),the maximum air speed in a DV jet at any distance from the diffuser in the 

secondary zone can be expressed as : 

6 8 ,
‌Ͻ‎

ρ  ρȢυϽ8 ,  

Ͻ ὠȢ  ςϽὉὴȢ  ‌Ͻ
ὫϽὝ ὝȢ  

Ὕ
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Equation 

5-43 

 

5.4.2 Validation of the maximum air speed profile equation 

Equation 5-43 is tested against the ŀǳǘƘƻǊΩǎ experimental data for the diffuser of size 0.6 m x 0.6 

m for the five supply conditions previously mentioned (see Table 5-2 in section 4.1.4). The 

maximum air speed in the jet is calculated and compared with the measurements in the 

secondary zone. The parameters used in calculation are summarized in Table 5-6. The air speeds 

measured and calculated using Equation 5-43 are plotted on Figure 5-8. 
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Table 5-6: Parameters used in Equation 5-43  

Under-
temperature [°C] 

1.5 2.4 3.7 5 6.3 

V0.05 wavg
2 0.058 

jɻet EPZ 0.15 

Ω 0.68 

[g0.05ΩΦ½ϐwavg 0.060 0.015 19.6 0.16 0.72 

T0.05 wavg 0.056 0.021 19.2 0.15 0.69 

LPZ [m] 1.46 1.36 1.26 1.16 1.06 

 

 

Figure 5-8: Measured and correlated maximum air speed in the secondary zone for the five supply conditions studied 
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Figure 5-8 shows that the agreement between the measured and correlated data is very 

good, with a coefficient of determination R2 between the two sets of data is 0.96. The 

average absolute error between the measured and correlated data is 0.01 m/s. This error is 

acceptable as it is lower than the experimental error in measurements (0.02-0.03 m/s).  In 

addition, the error between predicted and measured air speeds is lower than the 

experimental error except for a few locations. The complete model for the maximum air 

speed in the secondary zone is therefore validated. 

 

 

5.4.3. Discussion 

The combination of the theoretical study of the primary zone and normalization in the 

secondary zone enabled to develop a general model to determine the variation of maximal air 

speed throughout the secondary zone. This model is based mostly on parameters that can be 

tabulated by manufacturers and supplied to designers and HVAC engineers. The agreement 

between predicted and measured data is very good and the error is in most cases within the 

range of experimental error. The model takes into account various important parameters such 

as the supply under-temperature, the supply flow rate, the entrainment, the height of the 

diffuser, the width of the diffuser and the specific face velocity distribution from the diffuser. 

Once the proper parameters are known, the model could be used to study the impact of supply 

conditions on the maximum air air speed profile. Knowing the profile of maximum air speed in 

the secondary zone will help designers predicting discomfort and operating the DV system 

accordingly. 

Despite these qualities, some limitations remain in the model. More experimental data ς 

especially data from different diffusers and different flow-rates ς should be used to further 

validate the model to determine the maximum air speed in the primary zone. A limitation of the 

model is also that there is currently no easy way to determine the entrainment of room air in 
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the jet. It should nonetheless be noted that the entrainment was independent of the supply 

temperature in the experimental data and would only have to be determined once per flow 

rate. Another issue of the current model is that it requires knowing the length of the primary 

zone. Despite some tentative studies (Etheridge and Sandberg, 1996), there is currently no 

validated formula to predict this length. A possible experimental way to determine it would be 

to perform smoke measurements and note the length at which the jet thickness stops 

decreasing significantly. Additional work is required on those parameters to make the model 

fully functional. 

 

5.5 Analysis of the vertical air speed profile 

The vertical profile of air speed and thickness of a DV jet are essential yet seldom discussed 

parameters in assessing thermal comfort for displacement ventilation. On one hand, air speed 

models for DV jets in the literature only study the maximum air speed in the jet at different 

distances from the diffuser. On the other hand, standards such as ASHRAE 113 (2009) evaluate 

the thermal comfort at fixed reference heights, such as 0.10 m for the ankle level. As shown by 

experimental results, the air speed at 0.10 m is however different from the maximum air speed 

in the jet. According to the experimental data, the air speed at 0.10 m height varies between 

55% and 85% of the maximum air speed, depending on the jet thickness. An accurate 

knowledge of the vertical air speed profile and of the thickness of the DV jet is hence essential 

to accurately assess local thermal comfort. This section studies the vertical profile of air speed 

in the DV jet; the next section studies the variations in jet thickness. 
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5.5.1 Normalization of experimental data 

The main data used in this section is the experimental data described in Chapter 3, section 2 

and 3. As a reminder, the data includes air speed measurements performed in the vertical 

longitudinal plane (0.16 m to 3.16 m from the diffuser) and in a vertical transversal plane at 2.16 

m from the diffuser (up to 0.9 m on both sides of the longitudinal axis), for two flat wall-

mounted DV diffusers, with two supply under-temperature tested for each (Table 5-7). At each 

location in both planes, the air speed was measured at 9 different heights in the jet: 0.02 m, 

0.03 m, 0.04 m, 0.05 m, 0.06 m, 0.07 m, 0.08 m, 0.10 m, and 0.20 m.  An example of the vertical 

profiles of air speed found at different distances form the diffuser is shown in Figure 5-9. 

 

 

Table 5-7: Diffuser and supply conditions in experimental data 

Diffuser 
Supply flow rate 

[m3/s] 

Supply under-

temperature [°C] 

Flat wall-mounted diffuser of size 

0.6m x 0.6m (H x W) 

0.035 2.4 

0.035 5.0 

Flat wall-mounted diffuser of size 

1.2m x 0.6m (H x W) 

0.032 2.5 

0.032 5.5 
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Figure 5-9: Vertical profile of air speed at different ŘƛǎǘŀƴŎŜǎ ŦǊƻƳ ǘƘŜ ŘƛŦŦǳǎŜǊ 5Cм² όлΦсƳ Ȅ лΦсƳύ ŦƻǊ ɲ¢ҐрΦлϲ/ 

 

Figure 5-9 shows that a general pattern appears in the vertical profile of air speed. In order to 

study these profiles, two normalizations have to be performed: 

¶ an air speed normalization (Equation 5-44 ), with respect to the maximum air speed in the 

jet at a location (distance X from the diffuser and distance Y from the longitudinal axis) 

where the vertical profile is measured: 

ὠ ὢȟὣȟὤ  
ὠὢȟὣȟὤ

ÍÁØ ὠὢȟὣȟὤ
 

Equation 

5-44 
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¶ a height normalization (Equation 5-45 ), with respect to thickness of the jet at a location 

(distance X from the diffuser and distance Y from the longitudinal axis) where the vertical 

profile is measured: 

–  
ὤ

‏
 

Equation 

5-45 

 

These normalizations, commonly used in the literature (Rajaratnam, 1976), are the basis of next 

analysis. Figure 5-10 shows the same profiles of Figure 5-9 after performing the two 

normalizations. This figure shows that a consistent vertical profile emerges. The next sub-

sections are aimed at characterizing this profile. 
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Figure 5-10: Normalized vertical profiles in the secondary zone 

 

5.5.2 Wall-jet vertical profile 

The vertical profile of air speed in a DV jet is generally described in the literature to follow the 

universal wall-jet profile shown in Equation 5-46 (Rajaratnam, 1976). This profile was found to 

agree well with experimental data in previous studies (Skaret, 1998, Nielsen 2000, Nielsen 

2004). It is therefore used as a reference model in the current work to analyze the vertical air 

speed profile from experimental data. 

Ὂ–  ρȢτψϽʂ Ȣ Ͻρ ÅÒÆ πȢφψϽʂ  Equation 

5-46 
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where : 

o F is the function representing the vertical profile of normalized air speed in a DV jet; 

o ɶ ƛǎ ǘƘŜ ƴƻǊƳŀƭƛȊŜŘ ƘŜƛƎƘǘ [-], and; 

o erf is the error function. 

 

Equation 5-46 is compared with the normalized experimental data. In order to be able to apply 

Equation 5-46 though, ƻƴŜ Ƙŀǎ ŦƛǊǎǘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ƧŜǘ ʵXY, for 

ŜŀŎƘ ƭƻŎŀǘƛƻƴΦ Lƴ ǘƘƛǎ ǎǘǳŘȅΣ ǘƘŜ ǘƘƛŎƪƴŜǎǎ ʵXY was computed for each location to minimize the 

sum of square errors between the profile of normalized air speed (VnormZ) and the theoretical 

profile FΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ʵXY for each location are summarized in Table 5-8. Table 5-8 also includes 

the R2 values between the experimental profile and the normalized experimental data for each 

location.  

Table 5-8: R
2
 and air thicknesses for the vertical air speed profiles 

 

 Diffuser 1, 35 
L/s, ɲT=2.4°C 

Diffuser 1, 35 
L/s, ɲT=5.0°C 

Diffuser 2, 32 
L/s, ɲT=2.5°C 

Diffuser 2, 32 
L/s, ɲT=5.5°C 

Distance 
from the 
diffuser [m] 

Distance 
from the 
diffuser 
[m] 

R2 XɻY  
[m] R2 XɻY  

[m] R2 XɻY  
[m] R2 XɻY  

[m] 

X=0.56 m 

Y=0.0 m 

N.A. N.A. N.A. N.A. N.A. N.A. 0.97 0.107 

X=0.76 m N.A. N.A. 0.88 0.219 0.96 0.134 0.99 0.088 

X=0.96 m 0.74 0.263 0.92 0.162 0.99 0.119 0.98 0.082 

X=1.16 m 0.92 0.209 0.99 0.136 0.99 0.104 0.97 0.085 

X=1.36 m 0.94 0.162 0.98 0.119 0.98 0.098 0.97 0.098 

X=1.56 m 0.96 0.150 0.99 0.120 0.94 0.102 0.96 0.118 

X=1.76 m 0.98 0.141 0.99 0.121 0.97 0.128 0.95 0.136 

X=1.96 m 0.96 0.148 0.97 0.125 0.97 0.125 0.92 0.159 

X=2.16 m 0.98 0.149 0.98 0.125 0.98 0.158 0.94 0.177 

X=2.36 m 0.97 0.138 0.89 0.130 0.92 0.176 0.92 0.192 

X=2.56 m 0.94 0.162 0.95 0.153 0.98 0.211 0.94 0.214 

X=2.76 m 0.86 0.166 0.94 0.157 0.82 0.206 0.85 0.209 

X=2.96m 0.83 0.168 0.94 0.195 0.68 0.215 0.91 0.223 

X=3.16 m 0.85 0.203 0.70 0.180 N.A. N.A. 0.72 0.266 
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X=2.16 m 

Y= -0.9 m 0.91 0.169 0.98 0.156 0.99 0.201 0.94 0.224 

Y= -0.7 m 0.96 0.162 0.98 0.137 0.97 0.160 0.95 0.168 

Y= -0.5 m 0.99 0.140 0.99 0.133 0.97 0.156 0.98 0.160 

Y= -0.3 m 0.98 0.139 0.97 0.127 0.95 0.148 0.95 0.161 

Y= -0.1 m 0.99 0.140 0.98 0.128 0.97 0.137 0.92 0.181 

Y=  0.1 m 0.97 0.149 0.97 0.141 0.97 0.125 0.97 0.176 

Y=  0.3 m 0.98 0.144 0.99 0.139 0.99 0.139 0.94 0.171 

Y=  0.5 m 0.99 0.153 0.99 0.132 0.96 0.153 0.97 0.154 

Y=  0.7 m 0.96 0.144 0.96 0.133 0.94 0.140 0.93 0.203 

Y=  0.9 m 0.75 0.177 0.95 0.158 0.93 0.153 0.91 0.235 

 

Table 5-8 shows that, once the appropriate ɻXY is found, the wall-jet profile fits well with the 

measured data in the secondary zone, with R2 values higher than 0.90 in almost all cases. This 

conclusion is in agreement with previous analysis of DV jets in the literature (Nielsen 1994, 

Skistad et al. 2002). Close to the diffuser, in the primary zone, the wall-jet profile does not 

appear appropriate. This result is probably due to the fact that, close to the diffuser, the DV jet 

is not yet fully developed. Also the jet at these locations has a relatively large thickness and is 

not necessarily in contact with the floor, hence it might fall outside of the grid of 

measurements. The air speed profiles in the transversal plane are not discussed in the 

literature. In this study, the wall-jet profile is also found applicable for the profiles in the 

transversal plane, with R2 values higher than 0.90 in almost all cases. Figure 5-11 plots the 

vertical profiles of normalized air speed in the secondary zone for the four cases studied, with 

data from both the longitudinal and the transversal planes. The theoretical profile from 

Equation 5-46 is also shown in this figure. Figure 5-11 shows that the theoretical profile fits 

reasonably well with the experimental data; the profile differs from the experimental data for 

normalized heights lower than 0.3.  
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Figure 5-11: Comparison between the normalized air speed profiles in the secondary zone and the theoretical profile 

5.5.3 A new proposed vertical profile specific to displacement ventilation jets 

In order to further study the vertical air speed profile specifically in the case of a displacement 

ventilation jet, a new profile is developed in this section. The proposed profile keeps the same 

form as the classical wall jet profile (see Equation 5-47ύ ōǳǘ ǘƘŜ ŎƻŜŦŦƛŎƛŜƴǘǎ ʲi used in the 

general equation are determined specifically, based on the experimental data from a DV jet. The 

data used for this analysis is the same data as in the previous section excluding the primary 

zone, i.e measurements taken in the secondary zones for two sizes of the DF1W diffusers and 

four supply conditions, as described in Chapter 3 section 2 and 3. The formula represents the 

vertical profile of normalized air speed and is therefore independent of the distance from the 

diffuser (X) or the distance from the longitudinal axis (Y), in the secondary zone a of a DV jet. 
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Ὃ–  ‍Ͻ– Ͻρ ÅÒÆ ‍Ͻ–  Equation 

5-47 

where : 

o G is the proposed vertical profile for normalized air speed in a DV jet,  [-]; 

o  ́is the normalized dimensionless height [-]; 

o erf is the error function, and; 

o 1̡ Σ ʲ2 , and ̡ 3 are constant to be determined [-]. 

 

¢ƘŜ ŎƻŜŦŦƛŎƛŜƴǘǎ ʲi in Equation 5-47 have been determined in order to minimize the sum of 

squared-errors between the normalized data from experiments (normalized heights and 

velocities) and the proposed vertical profile. The coefficients providing the best agreement 

between the correlated profile and the normalized data are shown in Equation 5-48. The profile 

created using these coefficients is plotted in Figure 5-12, along with the classical wall-jet profile. 

Ὃ–   ρȢφψχϽ–Ȣ Ͻρ ÅÒÆ πȢχυςϽ–  Equation 

5-48 
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Figure 5-12: Comparison between the proposed vertical profile, the profile from the literature and experimental data 

 

Figure 5-12 shows that the proposed profile fits well with the experimental data in the 

secondary zone, with an average R2 coefficient of 0.97 (versus 0.96 for the classical profile). 

Figure 5-12 also shows that the proposed profile is better than the classical profile at 

representing the cluster around the height of maximum air speed. The height of maximum air 

speed in the proposed profile is also more representative of the actual height of maximal air 

speed than the height of maximum air speed in the classical wall-jet profile. Indeed, in the 

experimental data (Chapter 4) the dimensionless height of maximal air speed is around 0.25; 

and the dimensionless height of maximal air speed is 0.22 in the proposed profile, while it is 

0.175 in the classical profile. It can be noted that the proposed profile is slightly less accurate 

than the classical profile for dimensionless heights over 1.5. The air speeds at these heights 
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however correspond to the boundary mixing layer of the DV jet, and are of little practical 

interest for design or comfort assessment. It is also noteworthy that the proposed profile does 

not reach the normalized air speed of 1, although its maximum value is very close (0.98). 

Overall, the improvement of the proposed profile in terms of pure R2 coefficient is small (0.97 

versus 0.96), but it offers an improvement in terms of general shape, especially around the 

height of maximal air speed, which is of prime interest when studying a DV jet. 

 

5.6 Thickness variations in a DV jet 

A major limitation of the normalized vertical profile, either the classical wall-jet profile or the 

proposed profile, ƛǎ ǘƘŜ ƴŜŎŜǎǎƛǘȅ ǘƻ ƪƴƻǿ ǘƘŜ ƭƻŎŀƭ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ƧŜǘ ʵXY to be able to use it. 

As pointed out in the literature review (Chapter 2), a measurement at a given height (0.10 m for 

instance) does not provide any information regarding the maximal air speed unless both the 

vertical profile and the jet thickness are known. No model however exists in the literature to 

evaluate the thickness in a DV jet. Furthermore, according to the results presented in Table 5-8, 

the thickness of jet appears to vary with the supply conditions, with the diffuser used, with the 

distance from the diffuser and with the distance from the axis. Studies regarding the thickness 

of a tri -dimensional DV jet are very limited in the literature. Published DV studies, measurement 

standards or reference books simply state that the jet thickness is generally between 0.10 m 

and 0.20 m, and the maximum air speed occurs between 0.025 and 0.05 m (Nordtest, 2009; 

Skistad et al. 2002). The thickness variation of a tri-dimensional DV jet with the distance from 

the diffuser has seldom been studied in the past.  The overall conclusion of those studies is that 

the thickness of the jet decreases in the primary zone, and then increases slightly in the 

secondary zone (Skaret, 1998; Nielsen 2001). No relation is however proposed in those studies 

to link the variations in jet thickness with other flow parameters. Those studies do not explain 

either why some DV jets show a significant increase of thickness with the distance from the 

diffuser, whereas for others DV jets the thickness is almost constant in the secondary zone. In 
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addition, no study could be found regarding the variation in DV jet thickness apart from along 

the longitudinal axis. The next sections are dedicated to further study the variation in jet 

thickness with the diffuser and supply conditions studied, and with  location within the room. 

 

5.6.1 Variation of the jet thickness with the distance from the diffuser 

Figure 5-13 Ǉƭƻǘǎ ǘƘŜ ƭƻŎŀƭ ƧŜǘ ǘƘƛŎƪƴŜǎǎ ʵXY found in the section 5.4 (Table 5-8) at different 

distances from the diffuser on the longitudinal axis, for the four cases studied. This figure shows 

that the jet thickness varies significantly both with the distance from the diffuser and with the 

supply conditions. Values of jet thickness range from 0.08 m to almost 0.27 m depending on the 

case and distance to the diffuser. 

 

Figure 5-13: Thickness of the jet versus distance from the diffuser for the four cases studied 
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No immediate relation appears to link the local thickness with the supply parameters or with 

the distance from the diffuser. A higher under-temperature or a higher diffuser generally leads 

to a lower jet thickness, which seems logical considering the buoyancy forces of the jet, but this 

is not always the case. For instance, at 2.96 m from the diffuser, the lowest jet thickness 

amongst the four cases occurs for the smallest diffuser with the smallest under-temperature. 

The variation of thickness with the distance from the diffuser can be divided into three parts. 

Figure 5-14 illustrates this point by plotting the variation of jet thickness with the distance from 

the diffuser for measurements on the small diffuser with a supply under-temperature of 5.0°C. 

 

 

Figure 5-14: Thickness of the jet ǾŜǊǎǳǎ ǘƘŜ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ ŘƛŦŦǳǎŜǊ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ŘƛŦŦǳǎŜǊ ŀƴŘ ɲ¢ҐрΦлϲ/, separated into three 

zones 

 

 

 Zone 1  Zone 2  Zone 3 
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Figure 5-14 highlights three distinct zones which can be described as follows: 

¶ In the first part of the jet, the thickness of the jet decreases rapidly, due to the action of the 

gravity forces. This part corresponds to the primary zone of the jet. 

¶ As for the second part of the jet, this part corresponds to part of the jet where the jet shows 

very limited variations of thickness, in the order of one or two centimeters. This part occurs 

at different distances from the diffuser for each case studied. It is also noteworthy that the 

thickness reached in this part is different for all the cases studied, ranging from 0.08 m to 

0.14 m. 

¶ Finally, in the last part of the jet, the thickness of the jet starts to increase significantly. As 

for the second part, the third part occurs at different distances from the diffuser for each 

case studied. For instance, it starts at 1.4 m from the diffuser for case 4, whereas it starts at 

almost 3.0 m from the diffuser for case 1. 

 

This division of the jet in three parts corresponds well for the four cases studied, as all of them 

display such division. The division in three parts can also be found in published data in the 

literature, such as in Nielsen (2000) (see Figure 5-15). For other DV jets in the literature with a 

very high Archimedes number though, the third part seems to be absent (Nielsen, 2000). In 

addition, Figure 5-13 above shows that the transitions between the three parts occur at 

different distances from the diffuser for each case studied. The extent of each part also varies. 

The next section proposes an analysis of the jet thickness. 
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Figure 5-15: Thickness of the jet versus the distance from the diffuser based on Nielsen (2000)  

 

5.6.3 Proposed correlation for the jet thickness along the longitudinal axis 

Intuitively, one would assume that the thickness of a DV jet is related to the buoyancy forces 

acting on the jet. Some researchers such as Nielsen (2000) have already explored this idea and 

found that the thickness of DV jet varies with the Archimedes number calculated at the diffuser. 

A higher Archimedes number, hence higher buoyancy forces, is found by Nielsen to lead to a 

lower thickness of the jet. No formula is however proposed to link the thickness of the jet with 

the Archimedes. The study does not explore further whether the thickness variation in the jet is 

affected only by the supply under-ǘŜƳǇŜǊŀǘǳǊŜΣ ƻƴƭȅ ōȅ ǘƘŜ ǎǳǇǇƭȅ Ŧƭƻǿ ǊŀǘŜ ƻǊ ōƻǘƘΦ w9I±!Ωǎ 

guidebook on displacement ventilation (Skistad et al. 2002), in turn, mentions that the thickness 
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of the jet varies with the Archimedes number or with the ratio of the supply under-temperature 

and the squared supply flow-rate. Unfortunately, no reference study or validation is provided for 

this statement. Finally, as discussed previously, no correlation is proposed in the literature for 

the variation of jet thickness with the distance from the diffuser or with the distance from the 

axis. 

Based on the experimental data presented in Chapter 3, the author is able to study the variation 

in jet thickness against several flow parameters (air speed, temperature, Archimedes number, 

etc.). In this study, only the jet thickness in the secondary zone is studied, as it is the most 

important for thermal comfort assessment. Based on the discussion in the previous section, the 

analysis is divided as follows. First a correlation-based model is proposed for the minimum 

thickness reached in the jet. Then, the variation in jet thickness from this minimum thickness is 

studied and correlated. Finally, an overall model is proposed and compared with experimental 

data. 

 

Minimum thickness in the DV jet 

Data used for the analysis 

As discussed before, very few data are available in the literature regarding the thickness of a DV 

jet. The data used for this analysis come from the authorΩǎ measurements for the four cases 

described in section 2.1 and for an additional case on the smaller diffuser (0.6 m x 0.6 m) with a 

supply under-ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ сΦрϲ/ ŀƴŘ ŀ ǎǳǇǇƭȅ Ŧƭƻǿ ǊŀǘŜ ƻŦ ор [κǎΦ  Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ŀǳǘƘƻǊΩǎ 

data, data from an experimental study performed by Nielsen (2000) is also included. In this 

latter study, the diffuser was a semi-cylindrical DV diffuser of height 0.56 m, with a perforated 

area of 0.188 m2. Table 5-9 summarizes the information regarding the experimental data used. 

¢ƘŜ ƳƛƴƛƳǳƳ ǘƘƛŎƪƴŜǎǎŜǎ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŀǳǘƘƻǊΩǎ ƻǿƴ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ŎƻƳŜ ŦǊƻƳ ǘƘŜ 

analysis discussed in section 5.4 (Table 5-8). 
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Table 5-9: Diffuser information and minimum air jet thickness 

Diffuser type 
Semi-cylindrical 

(Nielsen, 2001) 

Flat wall-mounted diffuser 

(Magnier et al., 2012) 

Height [m] 0.56 0.7 1.3 

Supply flow rate [m3/s] Not specified 0.035 0.032 

Perforated area [m2] 0.188  0.054 0.116 

Supply under-temperature [°C] Not specified 2.4 5.0 6.5 2.5 5.5 

Archimedes number at supply 1.5 4.6 8.4 5.3 11.1 14.4 12.3 27.0 

Minimum thickness in the jet 

[m] 
0.12 0.11 0.08 0.14 0.12 0.11 0.10 0.08 

 

Correlation and discussion 

Preliminary analysis of the minimal thickness leads to the conclusion that the minimum 

thickness is not directly related to the supply temperature, classical Archimedes number, supply 

flow rate or height of the diffuser. Experiments with a same Archimedes number or experiments 

with the same supply temperature can indeed lead to different minimal thicknesses. A deeper 

analysis of the data however shows that the minimum thickness in the jet can be related to a 

modified version of the Archimedes number, ArQ. This modified Archimedes number is a 

function of the supply under-temperature, of the height of the diffuser and the supply flow-

rate, as described in Equation 5-49. Figure 5-16 plots the minimum thickness in the jet versus 

the modified Archimedes number ArQ ŦƻǊ ōƻǘƘ ǘƘŜ ŀǳǘƘƻǊΩǎ ŀƴŘ bƛŜƭǎŜƴΩǎ ŘŀǘŀΦ 
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!Ò
ÇϽɼϽ( Ͻ4 4

1
 Equation 5-49 

 

where: 

¶ g is the acceleration of gravity [m/s2]; 

¶ ʲ ƛǎ ǘƘŜ ǘƘŜǊƳŀƭ ŜȄǇŀƴǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ŀƛǊ ώY-1]; 

¶ Hdiff is the height of the diffuser [m]; 

¶ Troom is the air temperature in the room, taken in this study as the temperature in the middle 

of the room at a height of 1.1 m [K]; 

¶ Tsupply is the supply air temperature [K] and; 

¶ Qsupply is the supply flow-rate [m3/s]. 
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Figure 5-16: Minimal thickness in the jet versus modified Archimedes number 

 

Figure 5-16 shows that the use of the modified Archimedes number ArQ enables to get a similar 

ǘǊŜƴŘ ŦƻǊ ōƻǘƘ bƛŜƭǎŜƴΩǎ ŀƴŘ ǘƘŜ ŀǳǘƘƻǊΩǎ ǊŜǎǳƭǘǎΦ ¢ƘŜ Ƴƛnimum thickness also appears to vary 

linearly with the modified Archimedes number ArQ, for the supply conditions and diffuser 

studied. The minimum thickness in the DV jet can therefore be written as in Equation 5-50. This 

equation agrees reasonably well with experimental data, with a R2 value of 0.85 for the three 

different diffusers and the eight supply conditions studied. 

ɿ ςȢτυϽρπ Ͻ!Ò πȢρσψ        Í  

 

Equation 5-50 
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±ŀǊƛŀǘƛƻƴ ƛƴ ƧŜǘ ǘƘƛŎƪƴŜǎǎ ŦǊƻƳ ǘƘŜ ƳƛƴƛƳǳƳ ǘƘƛŎƪƴŜǎǎ ʵmin 

 Data used and normalization 

The variation in jet thickness has been studied using the authƻǊΩǎ Řŀǘŀ ŘŜǎŎǊƛōŜŘ ƛƴ ǎŜŎǘƛƻƴ р.4. 

In order to represents the variation in jet thickness, the author proposes to use the local 

normalized under-temperature in the jet (Equation 5-51). From a physical point of view, the 

local normalized under-temperature in the jet is representative of the local buoyancy forces 

acting on the jet. Figure 5-17 plots the variation of the jet thickness, in the axial plane, for all 

cases studied against the local normalized under-temperature (see Table 5-8), defined as 

follows: 

Ў4 8ȟ9
4Ȣ 4 8ȟ9

4Ȣ 4
  

Equation 5-51 

where: 

¶ ɲ¢norm(X,Y) is the local normalized under-temperature, at a distance X from the diffuser and a 

distance Y from the axis of the diffuser [-]; 

¶ Tmin(X,Y) is the minimum air temperature in the jet at a distance X from the diffuser and a 

distance Y from the axis of the diffuser [K]; 

¶ T1.1 m is the air temperature measured in the center of the room at a height of 1.1 m [K], and; 

¶ Tsupply is the supply air temperature [K]. 
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Figure 5-17: Thickness of the jet versus the normalized  local under-temperature for the four cases studied (dotted-lines for 

eye-guiding) 

In Figure 5-17,  the three regions of thickness variation already mentioned can be noticed. The 

advantage of the representation in terms of normalized local under-temperature is that the 

extents of the three regions now mostly coincide for the four cases studied and that the division 

of the thickness variation in three regions can now be explained in physical terms. The first 

region, for high local under-temperatures, corresponds to the primary zone of the DV jet. In this 

region, the buoyancy forces acting on the jet are strong, which leads to a fast decrease in the jet 

thickness. The second and third regions correspond to the secondary zone of the DV jet, and 

show respectively a stagnation and an increase in jet thickness. 

This division of the jet variation in the secondary zone in two regions may appear unintuitive, as 

one would rather expect a monotonic behavior for the increase of the jet thickness, as it is the 

case for isothermal wall-jets. A possible explanation for this phenomenon, based on the 
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buoyancy forces on the jet, could be as follows. At the beginning of the secondary zone of a DV 

jet, the under-temperatures in the jet are still high, indicating relatively strong buoyancy forces 

acting on the flow. Those buoyancy forces are not strong enough to further reduce the 

thickness of the flow, but are nonetheless strong enough to prevent its thickening.  When the 

local under-temperature reaches 0.45, the density difference between the jet and the air layer 

just above of the jet gets sufficiently small so that mixing and entrainment occurs. This 

entrainment leads to an increase in the jet thickness; this is region 3 in Figure 5-17. 

 Correlation 

Based on the experimental data, a correlation can be developed for the jet thickness variation 

along the longitudinal axis in the secondary zone of a DV jet. The correlation developed is 

described in Equation 5-52 and illustrated in Figure 5-18. The correlation is found using the least 

square errors method, with a resulting coefficient of determination R2 of 0.89. The correlation 

therefore shows good agreement with the experimental data and can explain the variation in jet 

thickness in the longitudinal vertical plane. 

 

ɿ

ɿ πȢπρρ                                                                   ÉÆ Ў4 8ȟ9 πȢττ

 ɿ πȢπρρ πȢφψϽ πȢττ Ў4 8ȟ9         ÉÆ Ў4 8ȟ9 πȢττ
 

Equation 5-52 

 

where: 

¶ XɻY is the jet thickness at a distance X from the diffuser and a distance Y from the axis of the 

diffuser [m]; 

¶ mɻin is the minimum thickness reached in the jet for a given diffuser and supply conditions 

[m], and; 
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¶ ɲ¢norm(X,Y) is the under-temperature at a distance X from the diffuser and a distance Y from 

the axis of the diffuser [-]. 

 

Figure 5-18: Thickness of the jet as a function of normalized local under-temperature in the secondary zone (Axial?) and 

regression model 

General model of the thickness in the secondary zone of a DV jet 

Combining the model presented in Equation 5-50 and Equation 5-52, a complete model for the 

thickness of a DV jet in the secondary zone on the longitudinal axis can be found (Equation 

5-53). Figure 5-19 plots the jet thickness calculated using Equation 5-53 versus the jet thickness 

from experimental data, in the longitudinal planes in the secondary zone, for the four cases 

studied.  
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ςȢτυϽρπ Ͻ!Ò πȢπρρ                                   ÉÆ Ў4 8ȟ9 πȢττ

ςȢτυϽρπ Ͻ!Ò πȢπρρ  πȢφψϽ πȢττ Ў4 8ȟ9            

                                                                                      ÉÆ Ў4 8ȟ9 πȢττ

 

 

Equation 
5-53 

 

where: 

¶ XɻY is the jet thickness at a distance X from the diffuser and a distance Y from the axis of the 

diffuser [m]; 

¶ ARQ is the modified Archimedes number defined in Equation 5-49 [m-4s-2], and; 

¶ ɲ¢norm(X,Y) is the under-temperature at a distance X from the diffuser and a distance Y from 

the axis of the diffuser (Equation 5-51) [-]. 

 

Figure 5-19: Predicted versus measured thickness in the secondary zone 
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As shown in this figure, the agreement with the experimental data is relatively good, with errors 

in estimated thickness being generally lower than 0.02 m. These errors are considered to be 

acceptable, especially considering the different errors introduced in the analysis by 

normalizations and measurement uncertainties. Equation 5-53 is able to predict the minimum 

thickness in the jet based on the supply and diffuser characteristics and to predict the thickness 

variation in the secondary zone based on the minimum temperature profile, for any location on 

the longitudinal axis in the secondary zone. 

 

Discussion 

The developed correlation enables predicting the thickness of a DV jet in the secondary zone. 

Combined with the results of section 5.4, the maximal air speed in the jet ςpredominant for 

thermal comfort and predicted by air speed model ς can be used to evaluate the air speed at a 

height of 0.10 m ς used in air comfort standards and in many field studies, or vice versa,  

The reference temperature used to calculate the under-temperature might be a source of error. 

The reference temperature has to be close enough to the jet to represent the actual buoyancy 

forces acting on the jet, while being far enough for the jet not to be affected by it. Choosing the 

appropriate height for the reference temperature is therefore complex. For instance, 

preliminary calculations showed that using a reference temperature measured at a height of 0.6 

m leads to slightly better correlations than using a reference temperature at a height of 1.1 m. 

In this study, the reference height of 1.1 m is nonetheless kept for practicality as it is a standard 

height to assess the room temperature in a room equipped with DV system. 

The study of the jet thickness as a function of the under-temperature provides an explanation 

of the variation of thickness in the longitudinal plane. The division of the secondary zone in two 

regions based on the normalized local under-temperature also explains why the last region is 

absent in some DV jets (as in Nielsen, 2000). In some cases, the local under-temperature in the 
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jet might never be smaller than 0.44 for a range of distances from the diffuser and, therefore, 

the steep increase of the third region does not occur, leading to an almost constant jet thickness 

in the secondary zone. It should finally be noted that the developed correlation implies that the 

local air speed in the jet does not influence the thickness variation. This result is in agreement 

with isothermal turbulent wall-jet where the local air velocity is not an influential parameter for 

the jet thickness increase (Rajaratnam, 1976). 

5.6.2 Thickness of a DV jet in the transversal plane 

Variation in jet thickness over the transversal axis 

The thickness of a DV jet outside the longitudinal axis has never been studied in the literature. 

Figure 5-20 plots the jet thickness at different distances from the longitudinal axis for each case 

studied.  

 

 Figure 5-20: Thickness in the jet versus distance from the longitudinal axis, at a distance 2.16 m from the diffuser 
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Figure 5-20 shows that the thickness of the jet is not constant on the transversal axis, but rather 

increases with increasing distances from the longitudinal axis. The extent of this increase is 

different for each case studied and is relatively small (order of a few centimeters).  A careful 

reminder is however that the analysis presented here is based on vertical profiles measured up 

to 0.9 m from the axis. Further distances from the longitudinal axis should be studied to 

determine how the jet thickness varies far from the axis. Also, our experimental data is based 

on measurements at 2.16 m from the diffuser, hence relatively far in the secondary zone, where 

the transversal profiles of air speeds and temperature are relatively uniform. Closer to the 

diffuser, greater variations in jet thickness might appear. Further measurements and analysis 

should be performed to study this point. 

Correlation for the jet thickness in the transversal plane 

As for the correlation developed in the previous section (Equation 5-53), Figure 5-21 shows that 

the correlation still stands for the variation of thickness over the transversal axis. The agreement 

is however slightly lower, especially for relatively high distances from the longitudinal axis (more 

than 0.7 m from the axis). Using data from both the transversal and longitudinal vertical planes, 

the R2 coefficient associated with Equation 5-53 is 0.76, which is still acceptable. Overall, 

Equation 5-53 is considered as valid for the jet thickness of a DV jet in all the secondary zone of 

a DV jet. 
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Figure 5-21: Thickness of the jet as a function of local under-temperature in the secondary zone (Transversal) 
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5.7 Analysis of the transversal air speed profile 

5.7.1 Experimental data used and normalization 

In order to properly assess thermal comfort, the analysis of the DV jet needs to be performed 

both along the longitudinal axis and apart from the longitudinal axis. The study of the 

transversal profiles of air speed in the DV jet is based on measurements performed in two 

planes (see Chapter 3 for details). As a reminder, the first plane studied is the transversal 

vertical plane located at 2.16 m from the diffuser, in the secondary zone of the DV jet. 

Measurements in this plane were performed at several heights from 0.02 m to 0.20 m, at 

several distances from the longitudinal axis (up to 0.9 m). The other plane studied is the 

horizontal plane at a height of 0.05 m. In this plane, measurements were performed at several 

distances from the diffuser and at several distances from the longitudinal axis (up to 0.9 m). 

In order to study the air speed profile, the air speed is first normalized as shown in Equation 

5-54. Then, the hypothesis of a Gaussian profile states that the normalized air speed should 

follow Equation 5-55. The inner parenthesis in Equation 5-55 is the dimensionless distance from 

the diffuser. In Equation 5-55, a parameter b is added to account for the shifting of the flow 

from the longitudinal axis encountered in the experimental data (see Chapter 3 section 3 for 

ŘŜǘŀƛƭǎύΦ ¢ƘŜ ǇŀǊŀƳŜǘŜǊ ʲXZ is representative of the width of the jet and corresponds to the 

distance from the longitudinal axis at which the air speed is equal to 36% of the air speed on the 

longitudinal axis. This parameter is the parameter of interest in the next subsections. 

 

ὠ ὢȟὣȟὤ  
ὠὢȟὣȟὤ

ÍÁØ ὠὢȟὣȟὤ
 

 

Equation 

5-54 
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Equation 

5-55 

Where 

¶ Y is the distance from the longitudinal axis [m]; 

¶ b is a correction coefficient to account for shifting of the jet [m], and; 

¶ X̡Z is the spread parameter at a height Z and a distance X from the diffuser [m]. 

 

5.7.2 Vertical transversal plane 

Table 5-10 ǎƘƻǿǎ ǘƘŜ ʲ ǇŀǊŀƳŜǘŜǊǎ ŀǘ ŘƛŦŦŜǊŜƴǘ ƘŜƛƎƘǘǎ ƛƴ ǘƘŜ ǾŜǊǘƛŎŀƭ ǘǊŀƴǎǾŜǊǎŀƭ ǇƭŀƴŜΣ ŀƭƻƴƎ 

with the R2 coefficients associated with the correlations. This table shows that the Gaussian 

profile is generally appropriate for the transversal air speed profile, with R2 coefficient generally 

higher than 0.75. Figure 5-22 plots the normalized air speed from measurements against the 

dimensionless distance from the axis for all profiles studied. The theoretical Gaussian profile is 

also plotted on this figure. As can be seen, the agreement between experimental data and the 

theoretical Gaussian profile is acceptable. 

 

Table 5-10Υ ʲ ŀƴŘ w
2
 coefficients in the transversal vertical plane for different heights

 

 
 

0.02 m 0.03 m 0.04 m 0.05 m 0.06 m 0.07 m 0.08 m 0.10 m Average 

Diffuser 
0.6mx0.6 

m 
ɲT=2.4 °C 

X̡Z 1.22 1.25 1.27 1.26 1.25 1.26 1.25 1.50 1.25 

R2 0.99 0.98 0.94 0.91 0.74 0.82 0.69 0.54 0.95 

Diffuser 
0.6mx0.6 

m 
ɲT=5.0 °C 

X̡Z 1.54 1.64 1.59 1.52 1.57 1.54 1.82 1.76 1.57 

R2 0.83 0.91 0.96 0.95 0.77 0.85 0.88 0.29 0.91 
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Diffuser 
1.2mx0.6

m 
ɲT=2.5 °C 

X̡Z 1.77 1.86 1.77 1.76 1.81 2.00 2.04 1.70 1.79 

R2 0.84 0.94 0.88 0.51 0.54 0.76 0.64 0.79 0.80 

Diffuser 
1.2mx0.6 

m 
ɲT=5.5 °C 

X̡Z 1.44 1.59 1.48 1.48 1.44 1.54 1.55 1.67 1.50 

R2 0.80 0.82 0.85 0.84 0.61 0.75 0.71 0.69 0.82 

 

 

Figure 5-22: Dimensionless transversal air speed profiles in the vertical transversal plane 

 

Analysis of Table 5-10 shows that, for a given supply condition and at a given longitudinal 

ŘƛǎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ ŘƛŦŦǳǎŜǊΣ ǘƘŜ ʲ ǇŀǊŀƳŜǘŜǊǎ ŀǊŜ ǎƛƳƛƭŀǊ ŦƻǊ ŀƭƭ ƘŜƛƎƘǘǎΦ !ƴ ŀǾŜǊŀƎŜ ʲ ŎƻŜŦŦƛŎƛŜƴǘ 

can then be used, as shown in the last column of Table 5-10. The coefficients of determination 

R2 associated with using an average coefficient are higher or equal to 0.8, indicating a relatively 
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good agreement with experimental data. Thus, the transversal profile of normalized air speed in 

a DV jet, at a given distance from the diffuser in the secondary zone, can be considered as 

independent of height, for height lower than or equal to 0.10 m. In practical terms, this means 

that one height of measurement (0.10 m for instance) is sufficient to assess the lateral 

spreading of the jet at a given distance from the diffuser. 

 

5.7.3 Transversal profiles of air speed in the horizontal plane 

The analysis described in the previous section has been repeated for the measurements 

performed in the horizontal plane at a height of 0.05 m. Table 5-11 ǎƘƻǿǎ ǘƘŜ ʲ ŎƻŜŦŦƛŎƛŜƴǘǎ 

found for each case at different distances from the diffuser, along with the R2 coefficients 

associated with the correlations. Figure 5-23 plots the normalized air speed from measurements 

against the dimensionless distance from the axis for all the profiles studied. 

Table 5-11Υ ʲ ŀƴŘ w
2
 coefficients at different distances from the diffuser in the horizontal plane 

 
 

0.16 
m 

0.56 
m 

0.96 
m 

1.36 
m 

1.76 
m 

1.96 
m 

2.16 
m 

2.36 
m 

2.56 m 2.76 m 

Diffuser 
0.6mx0.6 
m 
ɲT=2.4 °C 

X̡Z N.A N.A 0.82 1.02 1.17 1.20 1.27 1.30 1.75 1.43 

R2 N.A N.A 0.82 0.97 0.98 0.96 0.91 0.61 0.83 0.86 

Diffuser 
0.6mx0.6 
m 
ɲT=5.0 °C 

X̡Z N.A N.A 1.03 1.06 1.33 1.44 1.52 1.76 2.20 2.08 

R2 N.A N.A 0.99 0.95 0.93 0.87 0.95 0.82 0.87 0.92 

Diffuser 
1.2mx0.6
m 
ɲT=2.5 °C 

X̡Z N.A 1.15 1.18 1.31 1.43 1.69 1.76 2.11 1.75 2.24 

R2 N.A 0.93 0.91 0.84 0.95 0.94 0.51 0.57 0.40 0.33 

Diffuser 
1.2mx0.6 
m 
ɲT=5.5 °C 

X̡Z  N.A 0.87 1.04 1.21 1.32 1.49 1.48 1.96 1.84 1.87 

R2 N.A 0.96 0.94 0.96 0.96 0.86 0.84 0.65 0.61 0.74 
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Figure 5-23: Dimensionless transversal air speed profiles in the horizontal plane 

 

Figure 5-24 and Figure 5-23 show that the Gaussian profile describes well the transversal profile 

of air speed in a DV jet, except very close to the diffuser and far from the diffuser. The profile is 

not applicable close to the diffuser due, probably, to the height of measurement (0.05 m). Close 

to the diffuser, the jet is not yet in contact with the floor and therefore measurements at 0.05 m 

are not representative of the jet (see Chapter 3 for details). As for greater distances from the 

diffuser, Table 5-11 ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ ʲ ŎƻŜŦŦƛŎƛŜƴǘǎ ƛƴŎǊŜŀǎŜ ǿƛǘƘ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ ŘƛŦŦǳǎŜǊΦ ¢Ƙƛǎ 

indicates that the transversal profile of air speed becomes more and more uniform away from 

the diffuser. Far from the diffuser, the variations of air speed compared to the air speed 

measured along the longitudinal axis are relatively small. Eventually, these variations fall within 
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the measurements uncertainty, which explains the small R2 coefficients.  Overall, the Gaussian 

profile is nonetheless found applicable to represent the transversal variation of air speed in a DV 

jet. 

!ǎ ŦƻǊ ǘƘŜ ʲ ŎƻŜŦŦƛŎƛŜƴǘǎΣ Table 5-11 shows that the coefficients are different for each supply 

conditions studied and each distance from the diffuser. One general conclusion is that, for a 

specific of diffuser and under-temperature, ǘƘŜ ʲ ŎƻŜŦŦƛŎƛŜƴǘǎ ƛƴŎǊŜŀǎŜ ǿƛǘƘ ǘƘŜ ŘƛǎǘŀƴŎŜ ŦǊƻƳ 

the diffuser. Further analysis shows that this increase is linear with the distance from the 

diffuser (Figure 5-24). The rate of increase is however different for each supply condition or 

diffuser. No relation with other flow parameters (air speed, thickness, temperature, etc.) or 

dimensionless numbers could be found to predict the slopes. 

 

Figure 5-24: Spread coefficients in the secondary zone at different distances from the diffuser 

Additional discussion 
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The study of the transversal profiles of air speed in the vertical transversal plane and the 

horizontal plane shows that the Gaussian profile can relatively well represent the transversal 

profile of air speed in the secondary zone of the DV jet. Our analysis also shows that the 

transversal profile of normalized air speed is independent of height for height within the 0.02 m 

to 0.10 m range. As the distance from the diffuser increases in the secondary zone, the 

ǘǊŀƴǎǾŜǊǎŀƭ ǇǊƻŦƛƭŜ ƻŦ ŀƛǊ ǎǇŜŜŘ ōŜŎƻƳŜǎ ƳƻǊŜ ŀƴŘ ƳƻǊŜ ǳƴƛŦƻǊƳΦ ¢ƘŜ ʲ ŎƻŜŦŦƛŎƛŜƴǘǎ ŀǇǇŜŀǊ ǘƻ 

increase linearly with the distance from the diffuser in the secondary zone. More studies are 

required to relate this increase with other flow parameters. In terms of comfort, the analysis 

shows that the transversal profile of air speed is to be taken into account at the beginning of the 

secondary zone. Indeed, experimental data shows that, at the beginning of the primary zone, 

the air speed on the longitudinal axis can be significantly different from the air peed at 0.9 m 

from the longitudinal axis. Further in the secondary zone, the flow becomes more uniform and 

the air speed away from the longitudinal axis can be taken as equal to the air speed measured 

on the longitudinal air speed, as a first approximation for comfort assessment. 

A noteworthy comment is that, in the experimental set-up used for this study and despite 

careful settings, the jet slightly shifts from the longitudinal axis as the distance from the diffuser 

increases. This calls for an increased attention in further measurements to make sure the jet is 

perfectly central, in order to accurately study the longitudinal profile of air speed. In the 

measurements, due to the fact that the jet was not perfectly centered, the maximum air speed 

in the jet (see section 4.3) was slightly underestimated. An analysis performed by the author 

however shows that the results developed in the section 4.3 are still valid, as the 

underestimation of the maximum air speed is in the order of 0.01 m/s, i.e. below the 

experimental error.  
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5.8 Analysis of the temperature distribution in the DV jet 

The temperature distribution in the DV jet has attracted less interest in the literature than the 

study of the air speed distribution. Significantly less data is available and correlation models are 

ǊŀǊŜΦ /ǳǊǊŜƴǘ ŎƻǊǊŜƭŀǘƛƻƴ ƳƻŘŜƭǎ ǎǳŎƘ ŀǎ aǳƴŘǘΩǎ ƳƻŘŜƭ όмффсύ ƻƴƭȅ ŦƻŎǳǎ ƻƴ ǘƘŜ ŀǾŜǊŀƎŜ 

temperature in the jet. On the other hand, experimental results show that the temperature in 

the jet varies significantly with the distance from the diffuser and to lesser extent with the 

distance from the longitudinal axis and the height. This in turn affects significantly comfort 

metrics such as the temperature difference between the head and ankles. The purpose of this 

section is to discuss the temperature distribution in the DV jet based on the experimental data 

presented in Chapter 4. 

 

5.8.1 Variation of temperature along the longitudinal axis 

Variation of temperature in the primary zone 

The temperature change in the primary zone is a complex phenomenon. In the primary zone, 

the jet temperature changes mainly due to mixing and entrainment of indoor air. As mentioned 

above, there is currently no formula to predict the entrainment of room air. Another difficulty 

comes from that the temperature of the mixing air is also unknown. Indeed, the temperature of 

the air in the room changes with height due to thermal stratification. As shown in the 

measurements (see section 3.3), the temperature of the air directly above the jet also varies 

with distance from the diffuser. Finally, for the diffusers tested, mixing occurs both on the upper 

layer of the jet and in the space between the lower layer of the jet and the floor, at the diffuser 

exit. Determining which temperature to take into account for entrainment is therefore 

extremely difficult in this case. Thus, the full understanding of the temperature field in the 

primary zone of a V jet is left outside the scope of this thesis and the study of the temperature 
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distribution is focused on the secondary zone. In terms of thermal comfort, the secondary zone 

is also the only important zone to study, as the air speed in the primary zone is already outside 

of comfort range. 

 

Normalization of the minimal air temperature in the secondary zone 

This section focuses on the minimal temperature measured at a given longitudinal distance 

from the diffuser (Tmin). The study of the temperature field in the secondary zone follows the 

same concept as the one used in the study of air speed distribution, in saying that the 

secondary zone can be considered independently from the primary zone. The following 

normalization is proposed. First, the distance from the diffuser is reinitiated using the same 

formula as in section 5.4 (Equation 5-56). It can be noted that the length of the primary LPZ 

remains defined in terms of maximal air speed, and not temperature. Then, the under-

temperature in the jet is normalized with respect to the minimal temperature reached at the 

end of the primary zone, as shown in Equation 5-57. From a physical standpoint, the normalized 

under-temperature as described in Equation 5-57 is representative of the buoyancy forces 

acting from the room on the jet. The normalized under-temperature written in Equation 5-57 

takes its maximum (1) when the air temperature in the jet is equal to the air temperature at the 

end of the primary zone and becomes null when the air temperature in the jet reaches the 

room air temperature, where no buoyancy force is present.  

ʊ 8 ὒ   Equation 5-56 

Where: 

¶ X is the distance from the diffuser [m] and; 

¶ LPZ is the length of the primary zone [m]. 
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  Equation 5-57 

where: 

¶ ɲ¢normό˅ύ is the normalized under-ǘŜƳǇŜǊŀǘǳǊŜ ŀǘ ŀ ŘƛǎǘŀƴŎŜ ˅ ŦǊƻƳ ǘƘŜ ŘƛŦŦǳǎŜǊ ώ-]; 

¶ Tminό˅ύ ƛǎ ǘƘŜ ƳƛƴƛƳǳƳ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ ǘƘŜ ƧŜǘ ŀǘ ŀ ŘƛǎǘŀƴŎŜ ˅ ŦǊƻƳ ǘƘŜ ŘƛŦŦǳǎŜǊ ώ°C]; 

¶ T1.1 m is the air temperature measured in the center of the room at a height of 1.1 m [°C], and; 

¶ TEPZ is the minimum air temperature in the jet at the end of the primary zone [°C]. 

 

 

Figure 5-25 and Figure 5-26 show the longitudinal profile of minimum temperature in the 

secondary zone, respectively before and after normalization. As shown in Figure 5-25, before 

normalization, large differences of temperature amplitudes and variations appear between the 

different cases. Figure 5-26 shows that, after normalization, the normalized profiles of air 

temperature become very similar. This demonstrates that the normalization proposed is 

efficient for the data studied. 
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Figure 5-25: Longitudinal profile of minimal temperature in the jet for different cases 

 

Figure 5-26: Normalized profiles of minimal temperature in the secondary zone for different cases 


















































































































