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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.



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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Figure 1-1: lllustration of Displacement Ventilation

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



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:

e 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.

e Quantify the variations of velocity and temperature within the DV jet, and analyze their
impact on local comfort and local comfort assessment.

e Based on the measured data, validate existing models and develop new mathematical
models for the profile of maximum air speed ina DV jet.

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

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

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

a DV jet.



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).



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



secondary zone is of primary interest to designers since it generally corresponds to the occupied

zone.

PRIMARY ZONE SECONDARY ZONE

diffuser

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.
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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.

DR = (34 - T) ’ (V - 0:05)0'62 ) (0'37 - TI- V) + 3'14) Equation 2-1

where:
e DR isthe draft rate;
e T istheairtemperature [°C];
e Tl isthe local turbulence intensity [%], and;

e Visthe 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,
2009; Flaktwood, 2010) and in REHVA’s and ASHRAE’s guidelines (Skistad et al. 2002; Chen and
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

7



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



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.



2.2.2 Velocity decay in the secondary zone

Several velocity decay models have been developed in the last decades (Nielsen, 2000;
Nordtest, 2009; Skaret, 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:

Equation 2-2

where

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

o Ky is an experimentally determined constant [-];

® Hgjris the height of the diffuser [m];

e xisthe 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 Ky, constant is experimentally determined.
Nielsen’s model is the most accepted velocity model in the literature and has shown a
reasonably good agreement with various experimental data (Skistad, 1994, for instance). It is
also referenced in major design guidelines such as the REHVA’s guidebook (Skistad et al. 2002)

and ASHRAE’s design guidelines (Chen and Glicksman, 2003). It is noteworthy that several
10



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 Ky constant in Nielsen’s model 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, Kq4; 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 Ky 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 Ky, 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 Kqyr constant with the diffuser characteristics or the supply temperature. Therefore, for each
diffuser, Ky 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 Skaret (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.

R)ks"l’ Equation 2-3

k
VR §) =Ky Ar® - B, - (E
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where:

e V(R,p) is the maximum velocity at a radius R from the diffuser and an angle ¢
from the longitudinal axis [m/s];

e Aryisthe Archimedes number as defined in Nordtest (2009) [-];

e Byisthe buoyancy flux defined in Nordtest (2009) [m/s] ;

e [isthe horizontal perimeter of the diffuser [m], and;

e kiqg kopand ks are experimentally determined coefficients.

The Nordtest model presents several advantages compared to Nielsen’s model. First, it can
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

situations than Nielsen’s model.

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
correlation coefficients are also dependent on the angle ¢ from the centerline; for each new
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
from the diffuser (Nielsen, 2000). Overall, Sandberg and Blomqvist’s model, while interesting as
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 Kq,.. 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).

- [1 —erf <O.68 . (%))] Equation 2-4

N

Vxy,z) vA
max V(x,y,2) 148 (8)

where:
e V(xy,z) is the velocity at a distance x from the diffuser, y from the central axis,

and at height z;

V(x,y,z)
max, V(Xy,z)

is the normalized air speed at a distance x from the diffuser, y from
the central axis, and at height z;

e § is the thickness of the air jet, defined as the distance from the floor to the
height where the velocity has decreased to half of the maximum velocity;

° %is the normalized height, and;

e erfisthe error function.
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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
0.1 m, corresponding to the occupant’s ankle in ASHRAE 55 (2004). While the use of
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 is the thickness 6 of the jet. According to literature, the air
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
Mundt’s model (Mundt, 1996). The types and location of heat sources inside the room can also
have a significant impact on the air temperature at floor level. The “kappa model” (Brohus and
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 temperature, 8; 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 floor level 8¢ can vary from 0.2 to 0.65 (Skistad et al. 2002, Mundt 1996). Several
field measurements studies also report a 65 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).

0; = To1 — Tsupply =05 Equation 2-5

Treturn - Tsupply

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
transfer coefficient between the floor and the airflow. Mundt’s model has been 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
Bs. A more advanced model has been proposed recently by Mateus and Carrilho da Graga
(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
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(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,
qguantitative 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.

19



T- Troom — \Y%

Equation 2-6
Tmin - Troom VM

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

e Tisthe air temperature at a given location in the jet [K];

e T.oomis the air temperature in the room [K];

®  Tninis the minimum air temperature in a given cross-section of the jet [K];
e Vistheair velocity at a given location in the jet [m/s], and;

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

23



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 Y Z X Y yA
(Length) | (Width) (Height) (Length) | (Width) (Height)
[m] [m] [m] [m] [m] [m]
0.71 -0.58 0.00 0.77 -1.16 0.80
1.42 -0.58 0.00 Side wall 2 0.77 -1.16 1.60
(Thermo-
2.13 -0.58 0.00 couples) 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 | 3 5g 0.00 0.80
(Thermo-
Floor 1.42 0.00 0.00 couples) 3.56 -0.60 1.60
(Thermo- Ceiling
couples) 2.13 0.00 0.00 Thorero. 1.20 0.60 2.17
2.84 0.00 0.00 couples) 2.40 0.60 2.17
0.71 0.58 0.00 1.78 0.00 0.60
1.42 0.58 0.00 f;ﬁ;g)'cat'o” 1.78 0.00 1.10
2.13 0.58 0.00 1.78 0.00 1.70
2.84 0.58 0.00 0.89 0.00 0.60
0.00 -0.60 1.60 0.89 0.00 1.10
Diffuser’s e ..
wall 0.00 0.00 1.08 Stratification | 0.89 0.00 1.70
(Thermo-
(Thermo- | ¢ oo 0.60 0.80 couples) 2.67 0.00 0.60
couples)
0.00 0.60 1.60 2.67 0.00 1.10
Sidewall1 | 170 1.16 0.80 2.67 0.00 1.70
(Thermo-
couples) 1.20 1.16 1.60 Exhaust 1.20 1.16 1.95
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(Thermo-

2.40 1.16 0.80
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. In the remaining of this work, the temperature referred to as “supply
temperature” is the one measured right before the diffuser. For the exhaust air temperature,
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
the influence of the diffuser’s height on the DV jet.
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For each diffuser, measurements are performed for two supply under-temperatures AT;, 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

Under- Supply Temperature
Flow rate temberature temperature at1l.lm
[m3/s] A$ rcl [°C] from the
s floor [°C]
24 19.4 21.8
Diffuser 0.6 mx0.6 m 0.035
5.0 16.9 21.9
2.5 19.4 21.9
Diffuser 1.2 mx0.6 m 0.032
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, ATs = 2.4°C,
AT = 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.

schematized in Figure 3-3 for diffuser DF1IW with an outlet size of 0.6 m by 0.6 m.
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Figure 3-3: Schematic view of the axes of measurements for the DFIW 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).
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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

Under- Supply Temperature
Flow rate temperature atl.1lm
3 temperature

[m*/s] AT, [°C] [°C] from the

° floor [°C]
1.5 20.6 22.0
2.4 194 21.8
Diffuser 0.6 mx 0.6 m 0.035 3.7 18.8 22.5
5.0 16.9 21.9
6.3 154 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

10 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

31



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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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 DFIW of size 0.6 m x 0.6 m for the two main supply
conditions. Then, results for the second diffuser size (diffuser DFIW 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

AT; Supply  flow Supply air Air Air Air

[°C] rate [rn3/s] temperature temperature at  temperature at  temperature at
[°C] 0.6 m[°C] 1.1 m[°C] 1.7 m[°C]

2.4 0.035 194+ 0.2 21.3 21.8 225

5.0 0.035 169 + 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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passing by the center of the diffuser for both supply conditions
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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.
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Figure 4-2: Air speed distribution in Plane L for AT=2.4°C (a) and AT=5.0°C (b), the vertical white line refers to the maximum

air speed attained.
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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

the diffuser. These findings are consistent with Nielsen’s measurements (2000).
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Figure 4-3: Air speed profiles at different heights in plane L for AT=2.4°C (a) and AT=5.0°C (b)
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Figure 4-4: Vertical air speed profiles in the primary and secondary zones for AT=2.4°C (a) and AT=5.0°C (b)

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
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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.
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Figure 4-5: Temperature distribution in Plane L for AT=2.4°C (a) and AT=5.0°C (b)
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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.
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Figure 4-7: Vertical temperature profiles at different distances from the diffuser for AT=2.4°C (a) and AT=5.0°C (b)
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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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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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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 shows that the DR is higher for AT=5.0°C than for AT=2.4°C, due to the higher
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.
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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,
gualitatively 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 DFIW 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 4-15: 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.
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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

1.2mx0.6 m)
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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 x0.6 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 DFIW 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.
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Table 4-2: Supply conditions for experimental work for the two diffusers

Under- Supply- Temperature
Flowrate
temperature | temperature | at a height
[m®/s]
AT, [°C] [°C] of 1.1 m [°C]
2.4 194 21.8
Diffuser 0.6 mx0.6 m 0.035
5.0 16.9 21.9
2.5 194 21.9
Diffuser 1.2 mx 0.6 m 0.032
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 m?/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
Under- Estimated length Height of
Flow rate . . .
[m3/s] temperature of the primary maximum air

AT [°C] zone [m] speed [m]
1.5 1.46 0.05
2.4 1.36 0.04
Diffuseur 0.6 0.035 37 126 0.04

mx0.6 m

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
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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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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.

Nielsen’s model

Nielsen’s model (Nielsen, 1991) represents the air speed decay using a single correlation
parameter Ky, 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 R?, 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: Ky coefficient for various supply under-temperatures

Under- Kn R?
temperature
AT, [°C]
7.1 0.67
1.5
6.8 0.77
2.4
6.7 0.83
3.7
6.8 0.93
5.0
6.7 0.76
6.3

The Ky constants have values between 6.7 and 7.1 for the test conditions. Table 5-1 shows that
the accuracy of Nielsen’s model is generally acceptable, with R? 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
Nielsen’s model. This figure shows that Nielsen’s model has 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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3.6

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.

where:
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Figure 5-1: Measured and correlated air speed decay for an under-temperature of 2.4°C

k3

V(X) = ky - Ary? - By - (Z)

Equation 5-1




e V(X) is the maximum air speed at a distance X from the diffuser from the
longitudinal axis [m/s];

e Aryisthe Archimedes number as defined in Nordtest (2009) [-];

e Bristhe buoyancy flux defined in Nordtest (2009) [m/s];

e [ isthe horizontal perimeter of the diffuser [m], and;

e ki k, and ks are experimentally determined coefficients.

For this analysis, the air speed data on the longitudinal axis for the five supply conditions on
diffuser DFIW (0.6 m x 0.6 m) were combined. Equation 5-1 was then applied, with the
correlation coefficients (ki, k,, k3) found through an iterative process to maximize the coefficient
of determination R®. The final equation including the optimal correlation coefficients is

displayed in Equation 5-2.

—0.95
V(X) =149 'AY‘A;OBS B - (Z) Equation 5-2

The Nordtest model performs very well with our experimental data, with an overall coefficient
R? 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 in a DV jet. Nielsen’s 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:

Ko.05 + Epoos = Kgpz + Epgpz Equation 5-3

Where:
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e Kpos is the rate of kinetic energy flowing through the control surface at 0.05 m from the

diffuser [kg.m?/s’];

e [Epgos is the rate of potential energy flowing through the control surface at 0.05 m from

the diffuser [kg.m?%/s’];

e Kgpz is the rate of kinetic energy flowing through the control surface at the end of the

primary zone [kg.mz/s3], and;

e Epepyis the rate of potential energy flowing through the control surface at the end of the

primary zone [kg.m?%/s’].

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 manufacturer’s

catalogue.
1 3 Equation 5-4
K0.05=5' ff p(V005(Z)) -dY - dZ
dif fuser
(T, —To.05(Z2)) Equation 5-5
Ep 0.05 = Jf o g roo;} 0.05( ) 7. Vo,os(z) - dY - d7z
. room
dif fuser
Where:
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o Vs 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];
e Yisthe distance from the longitudinal axis [m];
e Zis the height from the floor [m];
e gisthe acceleration of gravity [m/s’];

o T,omis the room temperature, taken as the temperature measured in the middle of the

room at a height of 1.1 m [K], and;

e Toosis 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 Vs Wu\,gz and [9’Z]o.0s wavg, EqQuation
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.

— . . 2 Equation 5-6
K05 = 5 " Mo.os Vo.05 wavg a

Ep 0.05 = Mo.05 * Epo.os5 wavg Equation 5-7
Where:

e 1M s is the mass flow rate in the DV jet at 0.05 m from the diffuser [m>/s];
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e Voos Wavgz is a weighted average of the square air speed at 0.05 m from the diffuser

2 1

3
B W.fHdiff(VO.OS(Z)) -dZ and;

[m?/s’], calculatedas  Vp o5 wavg

® Epoos wavg is @ Weighted average of the potential energy per kg/s at 0.05 m from the

1 . 9 (Troom—To.05(Z)) 7.
Hdiff'VO.OS Hdiff Troom

diffuser [m?/s’], calculated as [g'* Z]o.05 wavg =

Vo.os(Z)-dZ

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:

Y

Z .
V(Xgpz, Y, Z) = f( ) g ( ) *maxV(Xgpz, Y, Z) Equation 5-8
Ogpz Y,z

bEPZ

Where the wall-jet profile function f is defined as (Rajaratnam, 1976):

=

YA 7 \7 7 Equation 5-9
fl==) = 148 < ) : [1 _ erf<0.68 : ( ))l
Sepz Oepz Oepz
And where the Gaussian transversal profile function g is defined as:
2
g(by ) = exp ( _ (b Y ) > Equation 5-10
EPZ EPZ
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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.

V2 Equation 5-11
KEPZ - # 2_pV.ndA

Y=+ Z=06gpz

Vepz (Y, Z)3 Equation 5-12
Kgpz = Pepz- j f #'dZ-dY
Y=-00 Z=0

Y=+c0 Z=6gpz

P Z 3 Y 3
EPZ lZ ”,
KEPZ - 2 ' f f [’maxEPzg ) <] (5 )) <‘g <b >> . .
720 EPZ EPZ

Y=—00

Equation 5-13

_ Pepz

3 .
Kgpz = > Viaxepz” * Oepz * bepz Equation 5-14

Y=+00 Z=8gpz

[ (G (062) 45t 4

Y=—00 Z=0

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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Y=+00 Z=6gpz

Z Y
Mgpz = Pepz” f f VmaxEPZ'f(5 )'g(b )'dZ-dY
EPZ EPZ

Y=—00 Z=0

Mgpz = Pepz " Vmax Epz * Oppz * DEPZ

Y=+ Z=0gpz

f f ( Y ) p Z p Y
g . ]
5Epz bgpz Oppz  bepz

Y=—00 Z=

mEPZ = 1.380 * pgpz * Vinax epz 5EPZ ) bEPZ

Rearranging Equation 5-14 with help of Equation 5-17, we get:

1 . ) Y Y
Kerz =313y e Vowers” | (9(5,)) a5
Y=—00
Z=6gpz 3
()
6EPZ 6EPZ
Z=0

Numerical integrations lead to:

KEPZ = m -1.023 - 0578 ' TflEpZ . VmaXEpZZ

2
Vmax EPZ

KEPZ = 0429 - ThEpZ ) 2
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Equation 5-16

Equation 5-17

Equation 5-18

Equation 5-19

Equation 5-20



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.

Equation 5-21

Epgpy =#p-g'-Z-V.ndA

J— . !
Epgpz = Pepz- 9 Equation 5-22
Y=+ Z=8gpz

Z Y
) f f VmaxEPZ'f(6 )'g<b >'Z'dZ'dY
EPZ EPZ
Y=—00 Z=0
Epgpz = 9 Pepz Vmaxepz® 5EPZZ "bepyz Equation 5-23
Y=+o00 Z=08gpz
f (Y p Y J‘ f Z Z p Z
o() a— () o
bgpz bgpz 8epz/ Ogpz  Ogpz
Y=—00 Z=0
Using Equation 5-17, we get:
Y=+
£ 1 . s j ( Y ) p Y Equation 5-24
Pepz ~ 1380 Mgpz 9 " OEpz o g brrg berg
Z=6gpz
[ e
8epz/ Ogpz  Ogpz
Z=0

Numerical calculations lead to:
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: i ! Equation 5-25
Epepz = T3gg 17160360 “thgps - g' Sgpy

Epgpz; = 0.449 - tgp; * g’ Oppz 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:

2
. VO.OS wavg Equation
Mp.o5 * + Epo.os wavg
2 5-27

g (Troom — To.05 wavg)

= Mgpz - <0-429 “Vinax jet gpz- + 0.449 - “Gjet EPZ)

Troom

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 (1hgpz) is
the same as the mass flow rate at 0.05 m form the diffuser (g ¢5). The maximum air speed at

the end of the primary for a DV jet without entrainment can then be expressed as:

Vmaxjet EPZ—-no entrainment — &1 Equation

5-28
g (Troom — To.05 wavg)

Troom

Vo.05 Wavg2 +2- (EPO.OS wavg — A2 ’ (Sjet EPZ>

Where:
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e aland a2 are numerical constants respectively equal to 1.707 and 0.663.

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).

Original DV-jet Entrained indoor air

Complete jet

<> 0.05 m from the diffuser

<

v

PRIMARY ZONE

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).
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Momjet with entrainment — Momjet without entrainment + Momjentrainment air Equation

5-29
Where:

®  MOMjet with entrainment 1S the momentum flowrate in the jet with entrainment

[kg.m/s’];

o Mémjetwithentminment is the momentum flowrate in the jet without entrainment

[kg.m/s?], and;
o Mémjet with entrainment 1S the momentum flowrate of the entrained air [kg.m/s].

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.

Momjet with entrainment — Momjet without entrainment 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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Momjet without entrainment

= # Vwithout entrainmentpvwithout entrainment- ndA

Momjet without entrainment

= PEepz

Y=+ Z=6gpz

. .f f VEPZ without entrainment(y: Z)z -dZ - dY
Y=—0c0 7Z=0

Momjet without entrainment

= PEpPz

Y=+co Z=8gpz

. 2
J f Vmax EPZ without entrainment

Y=—0c0 Z=0

(,:(Z)Z (Y)zd”y

| , o
6EPZ bEPZ

Momjet without entrainment

— ) 2, .
= PEpz VmaxEPZWithoutentrainment SEPZ bEPZ

Y=+ Z=8Epz

[ (Ge) (o)) 5
- g . .

6EPZ bEPZ 6EPZ bEPZ
Y=—00 Z=0

Using Equation 5-17, we get:
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Momjet without entrainment Equation 5-35

mjet without entrainment

2
- 4 . .
max EPZ without entrainment
1.380

Y=+o00 Z=8gpz

f J ( 6Epz>>2 (g (b;z)f'daiz

Y=—0c0 Z=0

-d
bEPZ

After numerical integration, we get:

Momjet without entrainment Equation

=0.488- mjet without entrainment Vmax EPZ without entrainment >-36

Similarly, for the momentum with entrainment, we get:

Mom]et with entrainment — 0.488 - mjet with entrainment Vmax EPZ with entrainmentt 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.

Vmax EP Zjet with entrainement — V Vmax EPZ jet without entrainment Equation

5-38
Where:
e yisdefined as the ratio between the mass flow-rate at 0.05 m from the diffuser and the

mass flow-rate at the end of the primary (.&), (1- y) represents the entrainment

Mcomplete jet

of room air inthe 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.

_ 2 2 E g'(Troom_To.os wavg) 5 Equation
Vinaxgpz = a1V " Vo.05 wavg + 2| Epo.os wavg — %2 " T " Ojet EPZ
room 5-39

factor initial initial remaining potential

accounting kinetic potential energy at the end of

for energy energy the primary zone

entrained

room air

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
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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-te:nperature 1.5 2.4 3.7 5 6.3
[°Cl
Supply air 20.6 19.4 18.8 16.9 15.4
temperature [°C]
Room air temperature 22.0 21.8 225 21.9 21.7
at 1.1 m [°C] ' ' ' ' |

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:

e The parameters Vs Wavgz, Epo.os wave, aNd To 05 wave, 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 Vo s wag i also relatively unchanged for the under-temperatures and the diffuser

studied. An average value can therefore be used in calculations.

e The thickness of the jet at the end of the primary zone, 8;e ez, 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.

e Finally, the parameter y, accounting for the entrainment of 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- Ep
temperature VO.OS w:-:vg2 005 T0.05 wavg ajet EPZ Y
[oC] wavg
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 0.058 N.A. N.A. 0.15 0.68
relevant)

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 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

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 032 036 037 0.42 0.41
[m/s]

Maximum air speed

calculated using specific 0.29 0.36 0.37 0.38 0.42
parameters [m/s]

Error [m/s] -0.03 0.00 0.00 -0.04 0.01
Maximum air speed

calculated using averaged 0.30 0.34 0.37 0.40 0.42
parameters [m/s]

Error [m/s] -0.02 -0.02 0.00 -0.02 0.00

of experimental data of this study.

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 Supply Supply under-
Diffuser flow rate temperature Reference
number 3 o

[m°/s] [°C]
1 0.035 1.5
2 Flat wall-mounted diffuser 0.035 2.4
3 of size 0.6m x 0.6m (H x 0.035 3.7
4 W) 0.035 >0 Magnier et al. 2012
5 0.035 6.3
6 Flat wall-mounted diffuser 0.032 2.5
7 of size 1.2m x 0.6m (H x 0.032 56

W)
Radial diff fdi t
8 adial GITUser oT alameter 1 g 037 4.4 Schild et al. 2003
0.25m
Flat wall diffuser of size of
9 perforated area of 0.159 0.026 6.0
2
m .
10 Flat wall-mounted diffuser 0.028 6.0 Nielsen, 2000
of perforated area of

11 0.306 m? 0.028 3.0
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Half cylinder diffuser with
12 a perforated area of 0.188 0.029 6.0
m?
Flat wall-mounted diffuser Not givenin
13 of perforated area of 0.028 the original
0.437 m? study.
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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 also the end of primary zone which varies in terms of diffusers’ type and
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:

Vu () Equation 5-40

Vsea(§) = Vipz

where:

e Vyisthe normalized air speed at a distance £ from the end of the primary zone [-];

e Vyisthe maximum air speed at a distance ¢ from the end of the primary zone [m/s];

e Vgpyis the maximum air speed reached at the end of the primary zone [m/s] and;

e £ is the distance from the end of the primary zone [m], defined as § =(X-Lp;) where X is

the distance from the diffuser [m] and Lp; 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.
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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 R? 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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1 .
Vscd(E) = Equation 5-41

JI+15-¢2

where:

e Vg isthe normalized air speed in the secondary zone [-], and;

e ¢{isthe distance from the end of the primary zone [m].

1.2
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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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1
J1415-(X—Lpy)?2

Vmax(X = Lpz) = Vgpz -

Equation 5-42
where :

e Vy(X)isthe maximum air speed at a distance X from the diffuser [m/s];

e Vepzis the maximum air speed reached at the end of the primary zone [m/s];

e Xisthe distance from the diffuser [m] and;

e [Lpzisthelength 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 :
ayy
J1+ 15 (X —Lpy) 2

Vmax(X = Lpz) =

Equation

g (Troom — To.05 wavg) 5 ) 5-43
jet EPZ

TTOOTTL

Vo.05 wavg2 +2- <Ep0_05 wavg — A2

5.4.2 Validation of the maximum air speed profile equation

Equation 5-43 is tested against the author’s 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

i 1.5 2.4 3.7 5 6.3
temperature [°C]
V.05 wavg 0.058
Sjet epz 0.15
Y 0.68
[80.05"-Z]wavg 0.060 0.015 19.6 0.16 0.72
To.05 wavg 0.056 0.021 19.2 0.15 0.69
Lpz [m] 1.46 1.36 1.26 1.16 1.06
0.50
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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 R 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 -
especially data from different diffusers and different flow-rates — 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

Supply flow rate | Supply under-
Diffuser

[m*/s] temperature [°C]
Flat wall-mounted diffuser of size | °:03° 24
0.6m x 0.6m (H x W) 0.035 o
Flat wall-mounted diffuser of size | 0:032 2.5
1.2m x 0.6m (H x W) 0.032 .
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Figure 5-9: Vertical profile of air speed at different distances from the diffuser DFIW (0.6m x 0.6m) for AT=5.0°C

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:

e 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:

V(X,Y,Z) Equation
max V(X,Y,Z)

Vnormz XY, z2) =
5-44
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e 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:

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.

F(n) = 1.48- ()% -[1 — erf(0.68 - (n))] Equation
5-46
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where :

o Fis the function representing the vertical profile of normalized air speed in a DV jet;

o His the normalized height [-], and;

o erfis the error function.

Equation 5-46 is compared with the normalized experimental data. In order to be able to apply

Equation 5-46 though, one has first to determine the appropriate thickness of the jet &yy, for

each location. In this study, the thickness 6xy was computed for each location to minimize the

sum of square errors between the profile of normalized air speed (Vnormz) and the theoretical

profile F. The resulting dxy for each location are summarized in Table 5-8. Table 5-8 also includes

the R? values between the experimental profile and the normalized experimental data for each

location.
Table 5-8: R? and air thicknesses for the vertical air speed profiles
Diffuser 1, 35| Diffuser 1, 35 | Diffuser 2, 32 | Diffuser 2, 32
L/s, AT=2.4°C L/s, AT=5.0°C L/s, AT=2.5°C L/s, AT=5.5°C
Distance Distance
from  the ::Iri(f)frzse: "R fr);:] R’ ?rqu] R’ [Sr)’:] R’ frxr:]
diffuser [m]
[m]
X=0.56 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 Y=0.0 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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Y=-09m | 0.91 0.169 | 0.98 0.156 | 0.99 0.201 | 0.94 0.224
Y=-0.7m | 0.96 0.162 | 0.98 0.137 | 0.97 0.160 | 0.95 0.168
Y=-0.5m | 0.99 0.140 | 0.99 0.133 | 0.97 0.156 | 0.98 0.160
Y=-0.3m | 0.98 0.139 | 0.97 0.127 | 0.95 0.148 | 0.95 0.161
Y=-0.1m | 0.99 0.140 | 0.98 0.128 | 0.97 0.137 | 0.92 0.181
Y=0.1m | 0.97 0.149 | 0.97 0.141 | 0.97 0.125 | 0.97 0.176
Y=03m | 0.98 0.144 | 0.99 0.139 | 0.99 0.139 | 0.94 0.171
Y=05m | 0.99 0.153 | 0.99 0.132 | 0.96 0.153 | 0.97 0.154
Y=0.7m | 0.96 0.144 | 0.96 0.133 | 0.94 0.140 | 0.93 0.203
Y=09m | 0.75 0.177 | 0.95 0.158 | 0.93 0.153 | 0.91 0.235

X=2.16 m

Table 5-8 shows that, once the appropriate 8xy is found, the wall-jet profile fits well with the
measured data in the secondary zone, with R? 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 R? 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 5-47) but the coefficients B; 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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Gm) = By -nP2 - [1—erf(Bs-n)] Equation
5-47

where :

o Gisthe proposed vertical profile for normalized air speed in a DV jet, [-];
o nisthe normalized dimensionless height [-];
o erfis the error function, and;

o B, 8,,and 8; are constant to be determined [-].

The coefficients B; 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.

G(n) = 1.687-n°2?%¢-[1 —erf(0.752 - n)] 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 R? 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 R? 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, is the necessity to know the local thickness of the jet &xy 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 plots the local jet thickness 6xy 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.
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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.
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Figure 5-14: Thickness of the jet versus the distance from the diffuser for the first diffuser and AT=5.0°C, separated into three
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Figure 5-14 highlights three distinct zones which can be described as follows:

e Inthe 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.

e 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.

e 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-temperature, only by the supply flow rate or both. REHVA’s

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 author’s 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-temperature of 6.5°C and a supply flow rate of 35 L/s. In addition to the author’s
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 m? Table 5-9 summarizes the information regarding the experimental data used.
The minimum thicknesses regarding the author’s own experimental data come from the

analysis discussed in section 5.4 (Table 5-8).
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Table 5-9: Diffuser information and minimum air jet thickness

Semi-cylindrical

Flat wall-mounted diffuser

Diffuser type

(Nielsen, 2001) (Magnier et al., 2012)
Height [m] 0.56 0.7 1.3
Supply flow rate [m?/s] Not specified 0.035 0.032
Perforated area [m?] 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 53 111 144 | 123 27.0
Minimum thickness in the jet

0.12 0.11 0.08 | 0.14 0.12 0.11 |0.10 o0.08

[m]

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 for both the author’s and Nielsen’s data.
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_ 8 B - Haifr * (Troom — Tsupply) Equation 5-49

Arq =

2
qupply

where:

g is the acceleration of gravity [m/s%];

e Bis the thermal expansion coefficient of air [K];
e Hgis is the height of the diffuser [m];

e T.oom 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];
®  Toupply is the supply air temperature [K] and;

®  Qgupply is the supply flow-rate [m3/s].
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Figure 5-16 shows that the use of the modified Archimedes number Arq enables to get a similar
trend for both Nielsen’s and the author’s results. The minimum 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 R? value of 0.85 for the three

Figure 5-16: Minimal thickness in the jet versus modified Archimedes number

different diffusers and the eight supply conditions studied.
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Variation in jet thickness from the minimum thickness & min

Data used and normalization

The variation in jet thickness has been studied using the author’s data described in section 5.4.
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:

T1.1 m Tmin (X: Y)
T1.1 m Ts

ATnorm(X' Y) =
upply
Equation 5-51

where:

o AT,.m(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 [-];

o T.in(XY) 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];
o Tiimisthe air temperature measured in the center of the room at a height of 1.1 m [K], and;

® Ty 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 R? 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.

SXY Equation 5-52
B { 8min + 0.011 if AT, orm(X,Y) = 0.44
" {8y + 0.011 4+ 0.68 - (0.44 — AT, or (X, Y))  if ATporm(X,Y) < 0.44

where:

e Oyyis the jet thickness at a distance X from the diffuser and a distance Y from the axis of the

diffuser [m];

®  &nin is the minimum thickness reached in the jet for a given diffuser and supply conditions

[m], and;
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o AT,orm(X,Y) is the under-temperature at a distance X from the diffuser and a distance Y from

the axis of the diffuser [-].
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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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—2.45-107* - Arg + 0.011 if AThorm (X, Y) = 0.44 Equation
Sxy =1 (—2.45-107*- Arq + 0.011 ) + 0.68 + (0.44 — ATyorm (X, Y)) >53
if AT, (X,Y) < 0.44

where:

o Oyyis the jet thickness at a distance X from the diffuser and a distance Y from the axis of the

diffuser [m];
e ARqis the modified Archimedes number defined in Equation 5-49 [m™“s?], and;

o  AT,om(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) [-].
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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 —predominant for
thermal comfort and predicted by air speed model — can be used to evaluate the air speed at a

height of 0.10 m — 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.
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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 R? 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)

126



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
details). The parameter Byx; 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.

V(X,Y,Z) Equation
max V(X,Y,Z)

Vnormy XY, 2) =
5-54
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Y — b\? Equation
Vaorm, (X,Y,2) = exp (= (——)

Bxz 5-55
Where

e Yisthe distance from the longitudinal axis [m];
e bisa correction coefficient to account for shifting of the jet [m], and;

e Byzis the spread parameter at a height Z and a distance X from the diffuser [m].

5.7.2 Vertical transversal plane

Table 5-10 shows the B parameters at different heights in the vertical transversal plane, along
with the R? coefficients associated with the correlations. This table shows that the Gaussian
profile is generally appropriate for the transversal air speed profile, with R? 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 5-10: B and R? coefficients in the transversal vertical plane for different heights

0.02m | 0.03m | 0.04m | 0.05m | 0.06 m | 0.07m | 0.08 m | 0.10 m | Average

Diffuser | By, | 1.22 | 1.25 | 1.27 | 1.26 | 1.25 | 1.26 | 1.25 | 1.50 | 1.25
0.6mx0.6

m R? 099 | 098 | 0.94 | 091 | 0.74 | 0.82 | 0.69 | 0.54 | 0.95
AT=2.4 °C

Diffuser | B,, | 1.54 | 1.64 | 1.59 | 1.52 | 1.57 | 1.54 | 1.82 | 1.76 | 1.57
0.6mx0.6

m R 083 | 091 | 096 | 095 | 0.77 | 0.85 | 0.88 | 0.29 | 0.91
AT=5.0°C
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Diffuser | @,, | 1.77 | 1.86 | 1.77 | 1.76 | 1.81 | 2.00 | 2.04 | 1.70 | 1.79
1.2mx0.6
m R | 084 | 094 | 088 | 051 | 0.54 | 0.76 | 0.64 | 0.79 | 0.80
AT=2.5 °C
Diffuser | @, | 1.44 | 1.59 | 1.48 | 1.48 | 1.44 | 154 | 1.55 | 1.67 | 1.50
1.2mx0.6
m R | 0.80 | 0.82 | 0.85 | 0.84 | 0.61 | 0.75 | 0.71 | 0.69 | 0.82
AT=5.5 °C
1.2
1.0 -
i
'D -
3 0.8
5]
Q.
wn
= 06
@
D
N 54 4 Diffuser 1, 35 L/s, AT=2.4°C
g o Diffuser 1, 35 L/s, AT=5.0°C
o o Diffuser 2, 32 L/s, AT=5.5°C
= 02 « Diffuser 2, 32 L/s, AT=2.5°C
—Theoretical Gauss profile
0.0 . : ‘ : |
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
normalized distance from the axis (Y'/xz) [-]

Analysis of Table 5-10 shows that, for a given supply condition and at a given longitudinal
distance from the diffuser, the B parameters are similar for all heights. An average B coefficient
can then be used, as shown in the last column of Table 5-10. The coefficients of determination

R? associated with using an average coefficient are higher or equal to 0.8, indicating a relatively
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Figure 5-22: Dimensionless transversal air speed profiles in the vertical transversal plane




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 shows the B coefficients
found for each case at different distances from the diffuser, along with the R’ 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 5-11: g and R? coefficients at different distances from the diffuser in the horizontal plane

0.16 |0.56 |096 |136 |1.76 |196 |2.16 |2.36
m m m m m m m m

256m |2.76m

Diffuser |, |N.A |N.A |0.82 [1.02 [1.17 [1.20 |1.27 |1.30 [1.75 |[1.43
0.6mx0.6

m R? N.A |[NA |082 |0.97 |098 |096 |091 |0.61 |0.83 0.86
AT=2.4"°C

Diffuser B, |N.AA |N.A |1.03 |1.06 |1.33 |1.44 |152 |1.76 |2.20 |2.08
0.6mx0.6

m R N.A |[NA |099 |095 |093 |0.87 |0.95 |0.82 |0.87 0.92
AT=5.0 °C

Diffuser  |@,, |N.A |1.15 |1.18 |1.31 |1.43 |1.69 |1.76 |2.11 |1.75 |2.24
1.2mx0.6

m R? N.A° |093 |091 |0.84 |095 |094 |0.51 [0.57 |0.40 0.33
AT=2.5°C

Diffuser |B,, |N.A |0.87 |1.04 |1.21 [1.32 |1.49 |1.48 |1.96 |1.84 |1.87
1.2mx0.6

m R? N.A (096 |0.94 |096 |096 |0.86 |0.84 |0.65 |0.61 0.74
AT=5.5°C
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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 shows that the B coefficients increase with distance from the diffuser. This
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 R? coefficients. Overall, the Gaussian
profile is nonetheless found applicable to represent the transversal variation of air speed in a DV

jet.

As for the B coefficients, 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, the B coefficients increase with the distance from
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.
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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
transversal profile of air speed becomes more and more uniform. The B coefficients appear to
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
rare. Current correlation models such as Mundt’s model (1996) only focus on the average
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 (Tpnin). 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 Lp;
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.

=X-1L
5 pz Equation 5-56

Where:

e Xisthe distance from the diffuser [m] and;

e Lpyisthelength of the primary zone [m].
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Ti1m — Tomi
ATnorm (f) — 1.1m min (f) Equation 5-57

T1.1 m = TEPZ

where:

o  AT,.m(€) is the normalized under-temperature at a distance £ from the diffuser [-];
o T.in(€)is the minimum air temperature in the jet at a distance € from the diffuser [°C];
o Tiimisthe air temperature measured in the center of the room at a height of 1.1 m [°C], and;

e Tgpzis 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 5-26: Normalized profiles of minimal temperature in the secondary zone for different cases




Regression on the normalized profile of temperature

Based on the normalized under-temperature data, a correlation analysis can be performed.
Regression analysis shows that the normalized profile of temperature can be described by
Equation 5-58. The coefficient of determination R? associated with this regression is 0.94,
showing a good agreement with experimental data. The under-temperatures from

measurements and correlated using Equation 5-58 are plotted on Figure 5-27.

AT orm(§) = T+0393 ¢ Equation 5-58

where:

e  AT,om is the normalized under-temperature at a distance € [-], and;

o (isthe distance from the end of the primary zone [m].
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Figure 5-27: Correlation for the normalized under-temperature profile in the secondary zone and results from different cases.

Final formulation for the longitudinal profile of minimum air temperature in the secondary

zone of a DV jet

Combining Equation 5-57 and Equation 5-58, the minimum air temperature in the jet at
different distances from the diffuser can be predicted using into Equation 5-59. Equation 5-59
has been found applicable for the two diffusers and the five supply conditions tested in this
study. Figure 5-28 shows the comparison between the minimum air temperature measured in
the jet for the different cases and the air temperature calculated using Equation 5-59. The R?
coefficient between the measured and correlated data is 0.99, showing an excellent agreement
between measurements and correlation. The average error is 0.1°C, inferior to the uncertainty

of measurements (0.5°C).

139



Ti1m — Tepz _
Trnin(X) = T1.am — 150393 - (X= Lop) Equation 5-59

Where:

o T,in(X)is the minimum air temperature at a distance X from the diffuser [°C];
e Tiimisthe air temperature measured in the center of the room at a height of 1.1 m [°C];
e Tgpyis the minimum air temperature in the jet at the end of the primary zone [°C], and;

e [y, isthe length of the primary zone [m].
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Figure 5-28: Measured versus correlated air minimum temperature in the jet at different distances from the diffuser
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5.8.2 Discussion on the transversal and vertical profiles of temperature in the jet

The vertical and transversal profiles of temperature in the secondary zone of a DV jet have
seldom been studied in the literature. Some correlations can be found in literature for the
vertical profiles of temperature in non-isothermal jets (Chen 2001; Amiri et al. 1996). These
correlations were however not applicable for the profiles measured in this study. A major
problem found by the author in the study of the temperature profiles is that a normalizing
equation is required to be able to analyze together the profiles at different positions in the
room. None of the normalization proposed in the literature were however found valid for the
specific case of a DV jet. Despite numerous attempts, the author could either not develop a
satisfying normalization equation. The main problem for proposing a normalizing equation is to
determine the appropriate reference temperature. In classical non-isothermal wall-jet analysis
(Chen 2001), a stable reference temperature can be used, as all surroundings are at a uniform
temperature. In the specific case of a DV jet, the temperature distribution in the jet is
influenced both by the surrounding air and by the floor surface temperature. As for the room
air, its temperature varies with height, due to thermal stratification. In addition, at low heights
outside the jet (0.26 m or 0.6 m for instance), the air temperature is also dependent on the
distance from the diffuser. The surface temperature of the floor, in turn, is also dependent on
the position in the room. Further, a significant difference appears between the floor
temperature and the air temperature at 0.26 m. Since the temperature of the surroundings of
the jet is not constant, it was impossible for the author to find a reference temperature. No
normalization could therefore be developed to analyze together the profiles at different
position in the room and, therefore, no correlations could be developed. Numerous attempts
were also made to relate the vertical or transversal profiles to local flow parameters or

dimensionless numbers, without noteworthy results.

Based on the experimental data gathered through this thesis, general trends can however be
formulated. In terms of transversal profiles of temperature, the temperature is minimal on the

longitudinal axis and increases as the distance from the axis increases. The extent of this
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increase, measured to be 0.9 m span on both sides of this axis, is found to be lower than or
equal to 1°C in the secondary zone. As the distance from the diffuser increases, the jet spreads
and the difference between the centerline temperature and the outer temperature gets lower.
In terms of comfort assessment, the temperature on the centerline is lower than that outside
the axis and, hence, the discomfort due to temperature difference between head and ankles is
higher. The temperature predicted by Equation 5-59, therefore, represents the safest, worst

case scenario.

In terms of vertical profile of temperature, the profile is found to change shape with the
distance from the diffuser (see Figure 5-29). This change of shape is assumed to be due to the
impact of both exchange with room air and heat gain from the floor. Figure 5-30 shows that the
air temperatures at 0.02 m from the floor and at 0.10 m from the floor increase at different
rates. The air temperature at a height of 0.10 m increases due to mixing with indoor air. On the
other hand, the air temperature at a height of 0.02m increases with the distance from the
diffuser, due to heat exchange with the floor. As shown in Figure 5-30, the increase in floor
temperature follows closely the increase of the air temperature flowing on it. Eventually, the air
temperature at 0.02 m from the floor becomes higher than the air temperature at 0.10 m from

the floor, changing significantly the vertical temperature profile.
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Figure 5-29: Vertical profiles of air temperature in the secondary zone for DF1W diffuser of size 0.6 m x 0.6 m for a supply

under-temperature of 5.0°C
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Figure 5-30: Longitudinal profiles of air temperature at heights of 0.02 m and 0.10 m (left axis) and floor temperature (right

axis) for DF1W diffuser of size 0.6 m x 0.6 m for a supply under-temperature of 5.0°C
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In practical terms, it is nonetheless noteworthy that the temperature difference between
heights of 0.02m and 0.10m is relatively small. For the supply conditions and the diffusers
studied, the difference between the minimum temperature in the jet and the temperature
measured at a height of 0.10 m, for a same distance from the diffuser, is found to be always
lower than 0.5°C for distance from the diffuser greater than 1.56 m. This difference of 0.5°C is
equal to the experimental error associated with the thermocouples used in experiments. Based
on experimental results, for distances from the diffuser greater than 1.56 m, the air
temperature at a height of 0.10 m on the longitudinal axis can be approximated, for practical
purpose, by Equation 5-59. At a given distance from the diffuser, Equation 5-59 will
underestimate the air temperature at a height of 0.10 m, by at most 0. 5°C, representing once

again the safest worst-case scenario.
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5.9 Conclusion

Based on the correlations developed in the previous sections, general equations for the air

speed and air temperature in the secondary zone of a DV jet can be formulated.

5.9.1 Final equation for the air speed in the secondary zone of a DV jet

The air speed in the secondary zone of a DV jet can be expressed by the following three-

dimensional model (as of X, Y, Z):

2.88 -y

VX2 Lez1.2) = JI+ 15-(X —Lpy) 2

Equation

g (Troom — To.05 wavg) *
Omin 5-60

TI'OOII’I

: [1 _erf (o.752 : (SXZY*)>]

2
V0_05 wavg + 2 ' <EP0_05 wavg - 0663 '

R (‘ <Bi)2> | (6XZY*>

0.226

Where:

e Lpzisthelength of the primary zone [m];

e vy is a factor representing the entrainment of room air in the jet, as defined in section
5.2;

e Voos Wm,gz is a weighted average of the square velocity at 0.05 m from the diffuser

[m?/s?], as defined in section 5.2;
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Epo0.05 wavg is @ weighted average of the potential energy of the DV jet at 0.05 m from the
diffuser [m?/s%], defined in section 5.2;

To.os wavg i the weighted average air temperature at 0.05 m from the diffuser [K], as
defined in section 5.2;

Omin is the minimum thickness at the end of the primary zone [m], which can expressed
as in Equation 5-53;

Bx is a coefficient representing the spreading of the jet, independent of Z, and which
increases linearly with the distance from the diffuser [m™];

Oxy is the thickness of the jet [m]which can be expressed as in Equation 5-53;

g is the acceleration of gravity [m/s°] and;

Troom is the room temperature, taken as the temperature measured in the middle of the

room at a height of 1.1 m [K];

Equation 5-60 is found applicable to all the experimental conditions tested, for data from the

literature and data from the experimental measurements (Chapter 3). This equation includes: 1.

a novel formulation for the air speed decay, independent of the supply temperature, 2. a novel

formulation for the vertical air speed profile, specific to DV jets, and 3.additional information

regarding the lateral spreading of the jet. Some parameters such as y or Lp; should be further

studied to improve Equation 5-60.
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5.9.2 Final equation for the air temperature in the secondary zone of a DV jet

The air temperature in the secondary zone of a DV jet can be expressed by the following three-

dimensional model (as of X, Y, Z):

Ti1m — Tepz

TX = Lp,Y,Z) = [Ty1m —
( 2282 BIm 140393 (X — Lpy)

‘F(Y)-F'(Z)  Equation5-61

Where:

e T (X)Y,Z)is the air temperature at a longitudinal distance X from the diffuser, at distance Y from
the longitudinal axis and a height Z [°C];

e T,i:n,isthe air temperature measured in the center of the room at a height of 1.1 m [°C];

o  Tgpzis the minimum air temperature in the jet at the end of the primary zone [°C];

e [y is the length of the primary zone [m];

e F(Y)is a function yet to be determined, reaching its minimum on the longitudinal axis [-] and;

e F’(Z) is a function yet to be determined, however, which can considered as unity as a first
approximation for heights inferior or equal to 0.10 m and sufficiently far from the diffuser (1.56

m in the experimental data used for this analysis) [-].

Equation 5-61 has been found applicable to all the experimental conditions tested. More studies
are required to be able to fully understand the interaction between the air temperature in the
jet and the floor and room air temperature, in order to be able to further develop Equation 5-61.
Despite its limitations, Equation 5-61 can nevertheless be used, omitting functions F and F’, to
predict the minimal temperature in the jet on the longitudinal axis. This temperature is of

primary importance to assess local thermal comfort and temperature difference between head
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and ankles. As noted before, the minimal temperature on the longitudinal axis represents the
safest worst case scenario. Equation 5-61 can then be used to ensure thermal comfort while
designing a DV system. Considering that the air temperature models in the literature consider
only the DV jet temperature as an average value, Equation 5-61 represents a significant

contribution and a step towards a more complete model.
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CHAPTER 6: CONTRIBUTIONS
AND FUTURE WORK

In this chapter, a summary of the results and contributions is presented. Future work to expand

on this thesis is also proposed.

149

6.1 Summary and contributions

The first major contribution of this thesis is the experimental data collected, using a very
fine mesh (order of centimeter) and covering the full extent of the jet. All the
experimental data from this study is available in the appendix of this thesis, for all the
conditions and locations tested. This data can be used by researchers for further analysis
and to create or to validate airflow models. The fine mesh data in the jet, including
measurements in front of the diffuser, is also very useful to validate CFD models.
Throughout the course of this thesis, some new studies have published some new data
on DV jets (Rees and Haves, 2013; Fatemi et al. 2013), but never to the extent of the
data provided here.

The experimental data provides a better understanding of the distribution of air speedin
a DV jet in three dimensions. The variations of air speed along the longitudinal,
transversal and vertical directions are studied in depth in the secondary zone of the jet.
A better understanding of the variation of the jet thickness jet is also gathered. In terms
of air temperature, experimental data highlights that the air temperature in a DV jet
varies primarily with the distance from the diffuser, and to a lesser extent with height
and distance from the longitudinal axis. The interaction between the floor surface

temperature and the air temperature in the jet is also highlighted.
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Thanks to the experimental data, a three-dimensional correlation model has been
developed for the air speed in the secondary zone of a DV jet. This model integrates the
variations of air speed along the longitudinal, transversal and vertical directions. This
model proposes a new way to analyze the DV jet by dividing the analysis, studying first
the primary zone and, then, using a dimensionless representation in the secondary zone.
The primary zone model is based on conservation of energy in the jet, from the diffuser
exit to the end of the primary zone, in order to predict the maximum air speed reached
in the jet. This model has been validated using experimental data from this thesis. The
dimensionless model developed for the secondary zone is tested and found valid for
various sets of experimental data from both this thesis and the literature. A generalized
equation for the air speed decay in the secondary zone is also developed. This equation
is independent of the diffuser type or of the supply condition. This represents a
significant improvement compared to previous models which had to use a specific
constant for each diffuser and each supply condition.

In the secondary zone, an in-depth analysis has also been performed to develop a new
correlation for the vertical profile of air speed, specifically for DV jets. The variation of jet
thickness has also been studied in depths and gives rise to a new correlation to evaluate
the increase in jet thickness with the distance from the diffuser increases. Finally, the
transversal profiles of air speed have been studied for several heights in the jet and at
several distances from the diffuser in the secondary zone.

In terms of air temperature in the jet, a dimensionless model has also been developed
for the variation of minimal air temperature in the jet with increasing distance from the
diffuser. A general equation is developed for the increase of minimal temperature in the
secondary zone; this equation is validated using experimental data. No correlations
could be found for the variations of temperature in the jet in the transversal and vertical
directions. Those variations have nonetheless been discussed quantitatively.

In terms of design and operation, the experimental data has shown the importance of

the variation of air speed in the jet in the three dimensions, and the variation of air



temperature in the jet primarily with the distance from the diffuser. Using a single value
for the air temperature at floor level has been found inappropriate to ensure local
thermal comfort. In order to provide acceptable local comfort, the variation of air
temperature in the jet needs to be taken into account. In order to avoid an excessive
temperature difference between head and ankles, designers should either set
parameters for worst case scenario (minimal temperature in the jet) or set a minimal
distance from the diffuser for occupants based on the model developed. In terms of
design, the primary zone model developed in this thesis can also help study the impact
of diffuser characteristics (velocity profile and entrainment) on the maximal air speed in
the jet and, eventually, give rise to more adequate or novel DV diffusers.

In term of measurements standards, current standards ,such as ASHRAE 113 (ASHRAE,
2005), should be updated to take into account the variations of air speed and
temperature in the jet. Using only a few locations in the room might not be sufficient to
ensure thermal comfort. The height of measurement for air speed is also a parameter to
study be discussed. The current standard ankle level in ASHRAE 113 is 0.10 m; this height
however does not correspond to the height of maximal air speed in a DV jet. There is
therefore a gap between the data from model (maximal air speed at any height) and
data used for comfort assessment (air speed measured at a specific height of 0.10 m).
Thanks to the progress in terms of vertical profile and jet thickness correlations in the

thesis, this gap can now be reduced and comfort can be studied more thoroughly.

6.2 Future work

This thesis improves on current knowledge in terms of both experimental data and modelling.

Nonetheless, some future work is needed to consolidate the findings and expand the analysis.
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Regarding experimental data, only one flow rate was tested in this study, due to limited
size of the experimental facility. Additional measurements with different flow-rates
would be useful to expand the analysis of air speed and temperature in the jet and to
further validate the correlation models. The impact of occupancy on the jet should also
be studied. Preliminary data using a cylindrical heated “occupant” showed no impact of
the occupant on the flow, apart from mere obstruction on the airflow. Further study
with a more elaborate mannequin might however be useful in assessing its impact on
the flow, especially regarding a possible upward plume disturbing the air speed
distribution. Fine-mesh experimental data in the primary zone would also be useful to
gather a better understanding of the impact of diffuser’s exhaust profile on the DV jet.
Such data would lead to better DV diffuser design by being able to understand the
mixing occurring in the primary zone.

In terms of air temperature in the jet, it would be interesting to further study the
interaction between the air temperature in the jet and the floor surface temperature. A
promising area of study would be to study the interaction between displacement
ventilation and a heated floor. Such measurements could be done using the same
facility, protocol and analysis method as those described in this thesis. A model for the
transversal and vertical profiles of air temperature in the jet also remains to be found.
Finally, the impact of floor temperature on the jet thickness should be studied.

As far as the air speed correlation model is concerned, an important parameter to study
is the entrainment of indoor air in the jet. Further work is needed to estimate this
parameter and study its variation for different diffusers or supply conditions. An obvious
tool for some complex study would be computational fluids dynamics (CFD) simulations.
The model should also be improved regarding the transversal profile correlations.
Additional data regarding jet thickness should also be gathered to further validate the
model on that aspect. Finally, the overall air speed model developed could be used to

design better DV diffuser or optimize design conditions for improved thermal comfort.
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7.APPENDIX

Measurements on diffuser DF1W size 0.6 m x 0.6 m for an under-temperature of 2.4°C

Table 7-1: Air speed measured at 0.05 m from the diffuser for the 0.6 m x 0.6 m diffuser for a supply under-temperature of

2.4°C[m/s]
Distance from
the
longitudinal
axis [m]/ - - - - - -
height [m] 0.30 | 0.25 | 0.20 | 0.15 | 0.10 | 0.05 0 0.05 | 010 | 0.15 | 0.20 | 0.25 | 0.30
0.10
0.15 0.06
0.20 0.07 | 0.06 | 042 | 0.33 | 0.33 | 0.32 | 0.33 | 0.35 | 0.35 | 0.35 | 0.39 | 045 | 0.04
0.25 0.26
0.30 0.24
0.35 0.20
0.40 0.05 | 0.04 | 025 | 0.18 | 0.18 | 017 | 018 | 0.19 | 0.18 | 0.18 | 0.22 | 0.13 | 0.03
0.45 0.18
0.50
0.55 0.15
0.62 0.02 | 0.04 | 0.16 | 0.18 | 0.19 | 0.19 | 0.18 | 0.18 | 0.18 | 0.19 | 0.21 | 0.26 | 0.03
0.65 0.01
0.70 0.02
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Table 7-2: Temperature measured at 0.05 m from the diffuser for the 0.6 m x 0.6 m diffuser for a supply under-temperature of

2.4°C[°C]
Distance from
the
longitudinal
axis [m]/ - - - - - -
height [m] 0.30 | 0.25 | 0.20 | 0.15 | 0.10 | 0.05 0 0.05 | 010 | 0.15 | 0.20 | 0.25 | 0.30
0.10 20.2
0.15 209 | 205 | 196 | 193 | 192 | 194 | 195 | 195 | 194 | 19.2 | 193 | 20.0 | 209
0.20 19.3
0.25 19.6
0.30 19.6
0.35 212 | 204 | 196 | 196 | 196 | 194 | 192 | 194 | 196 | 196 | 195 | 199 | 207
0.40 19.8
0.45
0.50 19.5
0.55 210 | 20.5 19.8 19.8 19.6 19.5 19.7 19.7 19.8 19.6 19.4 20.0 | 20.8
0.62 20.3
0.65 20.8
0.70 20.2

Table 7-3: Air speed measured in the longitudinal plane for the 0.6 m x 0.6 m diffuser for a supply under-temperature of 2.4°C

[m/s]

Height [m]/
Distance from
the diffuser [m] | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2 0.26
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0.16 017 | 011 | 0.09 | 0.09 | 0.05 | 0.05 | 0.05 | 0.05 | 042 | 0.34
0.36 014 | 013 | 012 | 011 | 012 | 013 | 0.11 | 0.19 | 0.37 | 0.34
0.56 013 | 015 | 017 | 020 | 024 | 0.256 | 0.28 | 0.33 | 0.35 | 0.28
0.76 024 | 025 | 028 | 028 | 0.31 | 0.32 | 0.33 | 0.34 | 0.28 | 0.21
0.96 030 | 0.34 | 034 | 033 | 0.34 | 034 | 035 | 0.35 | 0.21 | 0.14
1.16 034 | 034 | 035 | 0.36 | 0.36 | 0.35 | 0.36 | 0.33 | 0.16 | 0.07
1.36 034 | 035 | 0.36 | 0.36 | 0.35 | 0.34 | 0.33 | 0.29 | 0.09 | 0.07
1.56 033 | 034 | 035 | 0.35 | 0.33 | 0.33 | 0.30 | 0.25 | 0.08 | 0.07
1.76 030 | 032 | 0.33 | 0.31 | 0.30 | 029 | 027 | 0.23 | 0.08 | 0.07
1.96 029 | 030 | 029 | 030 | 0.29 | 027 | 026 | 0.20 | 0.07 | 0.07
2.16 025 | 026 | 026 | 0.26 | 0.24 | 024 | 0.22 | 0.18 | 0.07 | 0.06
2.36 022 | 023 | 024 | 023 | 022 | 022 | 0.18 | 0.16 | 0.06 | 0.06
2.56 019 | 020 | 019 | 020 | 0.20 | 0.17 | 0.18 | 0.16 | 0.06 | 0.05
2.76 0.16 | 0.18 | 017 | 0.19 | 0.18 | 0.17 | 0.17 | 0.13 | 0.07 | 0.05
2.96 016 | 0.14 | 017 | 017 | 0.13 | 0.15 | 0.14 | 0.13 | 0.07 | 0.05
3.16 012 | 012 | 014 | 013 | 0.13 | 013 | 0.13 | 0.11 | 0.06 | 0.04

Table 7-4: Air temperature measured in the longitudinal plane for the 0.6 m x 0.6 m diffuser for a supply under-temperature

of 2.4°C[°C]

Height [m]/
Distance from
the diffuser [m] | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2 0.26

0.16 208 | 208 | 20.8 | 20.7 | 20.8 | 20.8 | 20.8 | 20.8 | 19.6 | 19.7
0.36 20.7 | 208 | 20.8 | 20.5 | 204 | 205 | 205 | 20.2 | 19.7 | 194
0.56 20.2 | 204 | 204 | 203 | 20.2 | 201 199 | 19.7 | 194 | 197
0.76 202 | 199 | 199 | 20.1 199 | 200 | 195 | 199 | 199 | 20.3
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0.96 200 | 197 | 197 | 198 | 196 | 198 | 198 | 19.8 | 204 | 20.6
1.16 19.8 | 200 | 200 | 19.8 | 198 | 19.8 | 19.9 | 199 | 205 | 21.0
1.36 199 | 199 | 200 | 200 | 199 | 199 | 199 | 20.0 | 20.7 | 21.0
1.56 201 199 | 200 | 201 | 20.0 | 199 | 200 | 20.2 | 208 | 211
1.76 20.0 | 20.1 | 20.0 | 20.0 | 20.1 | 20.1 | 20.2 | 20.3 | 20.8 | 21.0
1.96 203 | 202 | 20.2 | 20.3 | 20.2 | 20.2 | 20.3 | 20.2 | 20.7 | 21.0
2.16 204 | 20.2 | 203 | 204 | 20.2 | 203 | 20.2 | 20.3 | 206 | 21.0
2.36 204 | 204 | 203 | 204 | 204 | 20.3 | 204 | 205 | 20.8 | 20.9
2.56 205 | 205 | 205 | 205 | 205 | 205 | 20.5 | 205 | 208 | 21.0
2.76 20.7 | 206 | 20.7 | 204 | 204 | 206 | 206 | 205 | 20.7 | 21.0
2.96 208 | 206 | 20.7 | 206 | 206 | 206 | 206 | 206 | 20.7 | 21.0
3.16 208 | 208 | 20.7 | 20.7 | 20.7 | 206 | 20.7 | 20.7 | 209 | 21.0

Table 7-5: Air speed measured in the transversal plane for the 0.6 m x 0.6 m diffuser for a supply under-temperature of 2.4°C

[m/s]
Height [m] /
Distance from

the axis [m] 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2
-0.90 0.15 | 0.16 | 0.17 | 0.17 | 0.18 | 0.15 | 0.15 | 0.14 | 0.07
-0.70 0.19 | 020 | 0.20 | 0.19 | 0.20 | 0.19 | 0.17 | 0.15 | 0.06
-0.50 022 | 023 | 022 | 022 | 0.21 | 020 | 0.18 | 0.16 | 0.06
-0.30 024 | 024 | 025 | 0.24 | 022 | 0.22 | 0.19 | 0.18 | 0.05
-0.10 026 | 027 | 026 | 0.26 | 0.24 | 0.24 | 0.21 | 0.18 | 0.07
0.10 027 | 027 | 028 | 028 | 027 | 025 | 0.24 | 0.20 | 0.07
0.30 025 | 026 | 026 | 0.25 | 0.25 | 0.22 0.21 0.18 | 0.07
0.50 023 | 023 | 023 | 023 | 0.22 | 0.21 | 0.19 | 0.17 | 0.07
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0.70 019 | 021 | 022 | 021 | 0.19 | 019 | 0.17 | 0.16 | 0.06

0.90 0.15 | 0.16 | 018 | 0.18 | 0.17 | 0.17 | 0.15 | 0.16 | 0.07

Table 7-6: Air temperature measured in the transversal plane for the 0.6 m x 0.6 m diffuser for a supply under-temperature of

2.4°C[°C]
Height [m] /
Distance from

the axis [m] 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2
-0.90 20.8 | 20.7 | 20.6 | 20.7 | 20.6 | 20.6 | 20.7 | 20.6 | 20.9
-0.70 20.7 | 205 | 204 | 204 | 20.5 | 204 | 20.5 | 20.6 | 209
-0.50 205 | 205 | 204 | 205 | 204 | 20.5 | 206 | 206 | 20.9
-0.30 204 | 204 | 204 | 204 | 20.2 | 20.5 | 204 | 20.5 | 209
-0.10 204 | 203 | 20.3 | 20.3 | 20.3 | 20.3 | 204 | 20.3 | 20.8
0.10 204 | 203 | 20.2 | 20.3 | 20.3 | 20.2 | 20.3 | 205 | 20.8
0.30 204 | 204 | 203 | 20.3 | 20.3 | 204 | 205 | 205 | 20.8
0.50 205 | 205 | 20.5 | 204 | 20.3 | 20.5 | 205 | 204 | 20.8
0.70 205 | 204 | 20.5 | 204 | 205 | 204 | 204 | 20.5 | 209
0.90 20.7 | 206 | 205 | 204 | 206 | 205 | 206 | 20.6 | 20.7

Table 7-7: Air speed measured in the horizontal plane at a height of 0.05 m for the 0.6 m x 0.6 m diffuser for a supply under-

temperature of 2.4°C [m/s]

Distance from
the axis [m] /
Distance from
the diffuser [m] | -0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9

0.16 0.05 | 0.05 | 0.04 | 0.06 | 0.05 | 0.07 | 0.04 | 0.04 | 0.04 | 0.05

0.36
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0.56 0.09 | 0.07 | 006 | 0.08 | 0.19 | 0.14 | 0.06 | 0.07 | 0.08 | 0.07
0.76

0.96 014 | 014 | 019 | 029 | 032 | 0.30 | 0.22 | 0.20 | 0.15 | 0.13
1.16

1.36 018 | 022 | 027 | 032 | 0.35 | 036 | 031 | 0.26 | 0.22 | 0.17
1.56

1.76 018 | 021 | 026 | 029 | 032 | 0.32 | 0.30 | 0.26 | 0.23 | 0.19
1.96 017 | 021 | 024 | 025 | 0.29 | 028 | 0.27 | 025 | 0.21 | 0.17
2.16 017 | 019 | 022 | 024 | 026 | 028 | 025 | 0.23 | 0.21 | 0.18
2.36 017 | 017 | 018 | 020 | 0.24 | 025 | 023 | 0.21 | 0.20 | 0.18
2.56 015 | 015 | 018 | 0.18 | 0.20 | 0.20 | 0.21 | 0.20 | 0.19 | 0.18
2.76 013 | 014 | 016 | 017 | 0.18 | 019 | 020 | 0.17 | 0.17 | 0.15

Table 7-8: Air temperature measured in the horizontal plane at a height of 0.05 m for the 0.6 m x 0.6 m diffuser for a supply

under-temperature of 2.4°C [°C]

Distance from

the axis [m] /

Distance from

the diffuser [m] | -0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9
0.16 212 | 213 | 213 | 212 | 210 | 21.0 | 211 211 211 21.1
0.36
0.56 209 | 21.0 | 211 209 | 20.3 | 206 | 209 | 209 | 209 | 21.0
0.76
0.96 20.7 | 20.7 | 204 | 20.0 | 19.7 | 20.1 20.3 | 20.3 | 205 | 20.8
1.16
1.36 20.7 | 204 | 202 | 20.2 | 20.0 | 19.8 | 20.1 204 | 205 | 20.5
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1.56

1.76 20.7 | 206 | 205 | 20.2 | 20.1 | 20.3 | 204 | 20.3 | 20.5 | 20.7
1.96 206 | 205 | 204 | 203 | 201 | 203 | 204 | 203 | 205 | 20.7
2.16 207 | 204 | 205 | 204 | 203 | 203 | 20.3 | 204 | 204 | 204
2.36 208 | 205 | 205 | 206 | 205 | 20.3 | 204 | 205 | 206 | 20.5
2.56 20.7 | 20.8 | 206 | 204 | 205 | 205 | 20.5 | 204 | 206 | 20.6
2.76 208 | 207 | 208 | 20.8 | 20.5 | 206 | 20.7 | 205 | 206 | 20.6

Measurements on the DF1W diffuser size 0.6 m x 0.6 m for an under-temperature of 5.0°C

Table 7-9: Air speed measured at 0.05 m from the diffuser for the 0.6 m x 0.6 m diffuser for a supply under-temperature of

5.0°C[m/s]
Distance from
the
longitudinal
axis [m]/ - - - - - -
height [m] 0.30 | 0.25 | 0.20 | 0.15 | 0.10 | 0.05 0 0.05 | 010 | 0.15 | 0.20 | 0.25 | 0.30
0.10 0.07 | 0.11 0.08 | 0.04 | 0.05 | 0.05 | 0.06 | 0.06 | 0.08 | 0.09 | 0.10 | 0.10 | 0.07
0.15 0.06 | 0.08 | 0.13 | 0.05 | 0.05 | 0.06 | 0.06 | 0.07 | 0.07 | 0.06 | 0.09 | 0.22 | 0.05
0.20 0.04 | 003 | 048 | 040 | 0.39 | 0.38 | 0.38 | 0.39 | 0.39 | 0.39 | 045 | 0.05 | 0.04
0.25 004 | 003 | 0.39 | 0.30 | 028 | 0.27 | 0.27 | 0.28 | 0.29 | 0.29 | 0.35 | 0.05 | 0.04
0.30 0.03 | 002 | 036 | 028 | 025 | 0.24 | 0.24 | 0.26 | 0.25 | 0.28 | 0.35 | 0.04 | 0.02
0.35 003 | 003 | 032 | 024 | 023 | 0.22 | 0.22 | 0.22 | 023 | 0.24 | 0.32 | 0.03 | 0.03
0.40 0.02 | 003 | 028 | 0.19 | 0.19 | 018 | 0.18 | 0.18 | 0.18 | 0.19 | 0.28 | 0.03 | 0.04
0.45 0.03 | 004 | 023 | 0.17 | 0.18 | 017 | 017 | 017 | 0.17 | 0.17 | 0.23 | 0.04 | 0.03
0.50 0.03 | 003 | 0.18 | 0.15 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.15 | 0.20 | 0.03
0.55 0.03 | 004 | 015 | 0.16 | 0.16 | 0.16 | 0.16 | 0.15 | 0.17 | 0.17 | 0.13 | 0.19 | 0.05
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0.62 0.02 | 010 | 021 | 012 | 0.09 | 012 | 0.09 | 0.15 | 0.14 | 012 | 0.26 | 0.28 | 0.03

0.65 0.02 | 0.05 | 0.05 | 0.05 | 0.04 | 0.03 | 0.03 | 0.03 | 0.04 | 0.04 | 0.04 | 0.05 | 0.02

0.70 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

Table 7-10: Temperature measured at 0.05 m from the diffuser for the 0.6 m x 0.6 m diffuser for a supply under-temperature

of 5.0°C[°C]

Distance from
the
longitudinal
axis [m]/ - - - - - -
height [m] 0.30 | 0.25 | 0.20 | 0.15 | 0.10 | 0.05 0 0.05 | 010 | 0.15 | 0.20 | 0.25 | 0.30
0.10 198 | 197 | 195 | 195 | 192 | 191 | 191 | 191 | 193 | 194 | 194 | 194 | 195
0.15 198 | 190 | 183 | 187 | 186 | 184 | 185 | 186 | 187 | 187 | 185 | 188 | 19.6
0.20 201 | 194 | 178 | 172 | 172 | 173 | 173 | 173 | 173 | 17.3 | 17.3 | 186 | 19.8
0.25 203 | 196 | 179 | 172 | 172 | 17.3 | 173 | 173 | 17.3 | 172 | 174 | 186 | 19.9
0.30 201 | 194 | 178 | 173 | 173 | 17.3 | 173 | 173 | 17.3 | 173 | 175 | 189 | 199
0.35 20.2 19.5 17.9 17.3 17.3 17.3 17.3 17.3 17.3 17.3 17.5 18.9 19.9
0.40 20.3 19.3 17.7 17.4 17.4 17.4 17.4 17.4 17.4 17.4 17.6 19.0 | 20.0
0.45 203 | 191 | 176 | 174 | 174 | 174 | 174 | 174 | 174 | 174 | 174 | 186 | 199
0.50 205 | 195 | 179 | 175 | 176 | 175 | 176 | 176 | 176 | 175 | 176 | 184 | 20.0
0.55 206 | 195 | 181 | 17.7 | 17.7 | 17.7 | 178 | 17.7 | 17.7 | 17.7 | 17.7 | 185 | 20.2
0.62 204 | 192 | 184 | 193 | 19.7 | 19.7 | 197 | 197 | 196 | 196 | 19.1 | 189 | 19.7
0.65 205 | 203 | 20.2 | 20.2 | 20.2 | 20.3 | 20.3 | 20.2 | 20.2 | 20.2 | 20.2 | 20.2 | 20.3
0.70 169 | 169 | 169 | 169 | 169 | 169 | 169 | 169 | 169 | 169 | 169 | 169 | 16.9

171



Table 7-11: Air speed measured in the longitudinal plane for the 0.6 m x 0.6 m diffuser for a supply under-temperature of

5.0°C[m/s]
Height [m] /
Distance from
the diffuser [m] | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2 0.26
0.16 0.11 | 0.12 | 0.11 | 0.10 | 0.09 | 0.08 | 0.09 | 0.08 | 043 | 0.33
0.36 0.10 | 0.12 | 0.17 | 0.21 024 | 026 | 029 | 0.32 | 0.36 | 0.31
0.56 028 | 029 | 030 | 0.32 | 0.34 | 0.35 | 0.35 | 0.36 | 0.31 | 0.23
0.76 0.36 | 0.37 | 0.38 | 0.38 | 0.38 | 0.38 | 0.38 | 0.38 | 0.18 | 0.07
0.96 040 | 041 | 041 | 041 | 040 | 0.39 | 0.39 | 0.34 | 0.09 | 0.08
1.16 041 | 042 | 042 | 040 | 0.39 | 0.36 | 0.34 | 0.29 | 0.08 | 0.09
1.36 0.39 | 040 | 039 | 0.36 | 0.35 | 0.32 | 0.29 | 0.21 | 0.08 | 0.10
1.56 0.36 | 0.37 | 036 | 0.34 | 0.31 | 0.28 | 0.27 | 0.21 | 0.08 | 0.10
1.76 033 | 0.33 | 0.33 | 0.31 | 0.28 | 0.26 | 0.25 | 0.18 | 0.07 | 0.09
1.96 027 | 027 | 028 | 0.26 | 0.25 | 0.23 | 0.19 | 0.17 | 0.07 | 0.08
2.16 024 | 025 | 024 | 024 | 023 | 019 | 018 | 0.15 | 0.05 | 0.07
2.36 0.19 | 0.23 | 0.21 0.21 0.20 | 0.18 | 0.17 | 0.14 | 0.07 | 0.06
2.56 0.18 | 0.18 | 0.19 | 0.18 | 0.17 | 0.17 | 0.16 | 0.14 | 0.06 | 0.07
2.76 0.15 | 017 | 017 | 0.16 | 0.16 | 0.14 | 0.15 | 0.12 | 0.06 | 0.06
2.96 013 | 013 | 0.14 | 0.14 | 0.14 | 0.14 | 0.13 | 0.11 | 0.07 | 0.05
3.16 012 | 013 | 013 | 0.14 | 012 | 011 | 0.12 | 0.11 | 0.07 | 0.04

Table 7-12: Air temperature measured in the longitudinal plane for the 0.6 m x 0.6 m diffuser for a supply under-temperature

of 5.0°C[°C]

Height [m] /
Distance from
the diffuser [m] | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2 0.26
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0.16 194 | 193 | 194 | 194 | 194 | 193 | 193 | 191 17.4 | 173
0.36 186 | 186 | 185 | 184 | 183 | 18.2 | 18.1 18.0 | 174 | 175
0.56 179 | 178 | 177 | 17.7 | 176 | 176 | 175 | 175 | 17.8 | 188
0.76 178 | 176 | 176 | 176 | 175 | 175 | 175 | 175 | 193 | 19.8
0.96 177 | 17.7 | 176 | 176 | 176 | 178 | 17.8 | 182 | 19.7 | 20.1
1.16 177 | 177 | 178 | 179 | 179 | 183 | 184 | 18.7 | 199 | 20.0
1.36 18.0 | 18.0 | 18.1 183 | 183 | 185 | 186 | 189 | 19.8 | 20.0
1.56 183 | 182 | 184 | 184 | 186 | 186 | 188 | 19.0 | 19.7 | 199
1.76 186 | 186 | 186 | 186 | 18.7 | 188 | 18.9 | 19.1 19.7 | 19.9
1.96 19.0 | 188 | 188 | 189 | 189 | 189 | 191 19.2 | 19.7 | 19.8
2.16 19.2 | 191 19.0 | 19.0 | 19.0 | 19.1 19.2 | 19.2 | 19.8 | 19.8
2.36 194 | 19.2 | 191 19.1 192 | 192 | 193 | 194 | 198 | 19.8
2.56 196 | 195 | 193 | 193 | 193 | 193 | 194 | 194 | 198 | 199
2.76 198 | 196 | 194 | 195 | 194 | 195 | 195 | 196 | 198 | 20.0
2.96 199 | 198 | 19.7 | 196 | 196 | 196 | 19.7 | 19.7 | 199 | 20.0
3.16 20.1 199 | 19.7 | 198 | 19.7 | 19.7 | 19.8 | 19.8 | 20.0 | 20.0

Table 7-13: Air speed measured in the transversal plane for the 0.6 m x 0.6 m diffuser for a supply under-temperature of 5.0°C

[m/s]

Height [m]/
Distance from
the axis [m] 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2

-0.90 0.17 | 0.18 | 017 | 0.16 | 0.17 | 0.16 | 0.15 | 0.13 | 0.06
-0.70 020 | 020 | 020 | 0.19 | 0.19 | 0.18 | 0.15 | 0.13 | 0.04
-0.50 021 | 022 | 021 | 021 | 0.19 | 0.18 | 0.17 | 0.14 | 0.05
-0.30 022 | 023 | 023 | 023 | 0.20 | 0.20 | 0.18 | 0.13 | 0.05
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-0.10 024 | 026 | 026 | 023 | 0.22 | 0.21 | 0.20 | 0.15 | 0.06
0.10 023 | 025 | 025 | 024 | 023 | 0.21 | 0.19 | 0.18 | 0.07
0.30 025 | 026 | 026 | 025 | 0.24 | 0.23 | 0.20 | 0.18 | 0.05
0.50 024 | 026 | 026 | 024 | 023 | 0.21 | 0.20 | 0.17 | 0.06
0.70 022 | 024 | 023 | 022 | 0.21 | 019 | 0.18 | 0.16 | 0.07
0.90 018 | 019 | 020 | 0.18 | 0.17 | 0.17 | 0.17 | 0.15 | 0.06

Table 7-14: Air temperature measured in the transversal plane for the 0.6 m x 0.6 m diffuser for a supply under-temperature

of 5.0°C [°C]

Height [m] /
Distance from

the axis [m] 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2
-0.90 196 | 195 | 195 | 195 | 194 | 194 | 194 | 194 | 198
-0.70 194 | 194 | 193 | 193 | 192 | 193 | 193 | 193 | 19.8
-0.50 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.3 19.9
-0.30 191 | 192 | 191 | 191 | 191 | 191 | 191 | 19.3 | 199
-0.10 191 | 19.0 | 190 | 191 | 19.0 | 19.0 | 191 | 19.2 | 19.8
0.10 19.1 19.0 19.0 19.0 19.0 19.0 19.0 19.1 19.7
0.30 191 | 19.0 | 190 | 19.0 | 19.0 | 19.0 | 191 | 19.1 | 19.7
0.50 19.2 | 19.0 | 190 | 19.0 | 191 | 191 | 191 | 19.2 | 19.7
0.70 193 | 192 | 19.2 | 191 | 192 | 19.2 | 19.2 | 19.2 | 196
0.90 195 | 194 | 193 | 193 | 193 | 193 | 19.2 | 193 | 19.7
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Table 7-15: Air speed measured in the horizontal plane at a height of 0.05 m for the 0.6 m x 0.6 m diffuser for a supply under-

temperature of 5.0°C [m/s]

Distance from
the axis [m] /
Distance from
the diffuser[m] | -09 | 0.7 | 0.5 | -0.3 | -0.1 0.1 0.3 0.5 0.7 0.9
0.16 0.09 | 0.08 | 0.07 | 0.05 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07
0.36
0.56 013 | 0.14 | 0.16 | 0.14 | 0.31 | 0.29 | 0.15 | 0.14 | 0.13 | 0.11
0.76
0.96 020 | 027 | 032 | 0.39 | 0.38 | 040 | 035 | 0.30 | 0.23 | 0.17
1.16
1.36 022 | 025 | 030 | 0.36 | 0.39 | 0.38 | 0.34 | 0.28 | 0.23 | 0.20
1.56
1.76 020 | 023 | 025 | 027 | 0.29 | 031 | 030 | 0.28 | 0.24 | 0.20
1.96 019 | 020 | 024 | 0.25 | 0.26 | 0.28 | 0.27 | 0.27 | 0.23 | 0.19
216 016 | 019 | 021 | 0.23 | 023 | 024 | 025 | 0.24 | 0.22 | 0.18
2.36 0.16 | 0.17 | 0.18 | 0.19 | 0.19 | 0.22 0.22 0.22 | 0.20 | 0.18
2.56 0.14 | 0.16 | 0.17 | 0.18 | 0.19 | 018 | 019 | 0.18 | 0.19 | 0.18
2.76 012 | 013 | 015 | 0.16 | 0.16 | 0.16 | 0.16 | 0.17 | 0.16 | 0.16

Table 7-16: Air temperature measured in the horizontal plane at a height of 0.05 m for the 0.6 m x 0.6 m diffuser for a supply

under-temperature of 5.0°C [°C]

Distance from
the axis [m] /
Distance from
the diffuser[m] | -09 | 0.7 | 0.5 | -0.3 | -0.1 0.1 0.3 0.5 0.7 0.9

0.16 19.8 | 19.8 | 199 | 200 | 193 | 194 | 196 | 19.7 | 198 | 19.8

175



0.36
0.56 196 | 195 | 192 | 188 | 176 | 180 | 189 | 194 | 195 | 196
0.76
0.96 193 | 189 | 185 | 178 | 175 | 176 | 182 | 186 | 19.0 | 193
1.16
1.36 19.1 19.0 | 187 | 182 | 181 | 182 | 185 | 188 | 19.0 | 19.1
1.56
1.76 19.2 | 190 | 188 | 188 | 18.7 | 18.7 | 18.7 | 18.9 | 19.1 19.2
1.96 193 | 19.2 | 190 | 189 | 188 | 188 | 189 | 18.9 | 191 19.3
2.16 195 | 193 | 19.2 | 191 19.1 | 19.0 | 19.0 | 19.0 | 19.1 19.3
2.36 196 | 194 | 193 | 193 | 19.2 | 191 19.2 | 191 19.2 | 194
2.56 196 | 195 | 194 | 194 | 193 | 193 | 193 | 193 | 193 | 194
2.76 198 | 198 | 196 | 196 | 195 | 195 | 194 | 194 | 195 | 195

Measurements on the DF1W diffuser size 0.6 m x 0.6 m for under-temperatures of 1.5°C,

3.7°C, and 6.3°C

Table 7-17: Air speed and temperature measured at 0.05 m from the diffuser on a vertical axis passing through the center of

the diffuser for the 0.6 m x 0.6 m diffuser for several supply under-temperature

Under-temperature [°C] 1.5 3.7 6.3

Height [m] Speed Tempera Speed Tempera Speed Tempera
[m/s] ture [°C] [m/s] ture [°C] [m/s] ture [°C]

0.10 0.04 217 0.05 20.9 0.07 18.7
0.15 0.05 214 0.03 20.4 0.06 17.8
0.20 0.36 20.6 0.36 18.9 0.37 16.2
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0.25 0.26 20.4 0.26 19.0 0.27 16.1
0.30 0.23 20.5 0.23 18.9 0.24 16.0
0.35 0.20 20.9 0.20 19.1 0.22 16.1
0.40 0.18 20.5 0.18 19.0 0.19 16.2
0.45 0.16 20.8 0.16 19.0 0.18 16.4
0.50 0.15 20.9 0.15 19.2 0.16 16.5
0.55 0.14 20.9 0.14 19.3 0.17 16.7
0.62 0.17 21.0 0.19 19.7 0.21 17.3
0.65 0.03 21.8 0.04 213 0.04 19.6
0.70 0.02 22.0 0.03 214 0.03 19.9

Table 7-18: Maximum air speed and minimum temperature measured in the longitudinal plane for the 0.6 m x 0.6 m diffuser

for several supply under-temperature

Under-temperature [°C] 15 3.7 6.3

Distance from the Speed | Tempera | Speed | Tempera | Speed | Tempera
diffuser [m] [m/s] | ture[’C] | [m/s] | ture[°’C] | [mis] | ture[*C]

0.66 0.13 21.4 0.29 19.5 0.36 16.4

0.76 0.20 21.3 0.33 193 0.38 16.3

0.86 0.24 21.2 0.33 19.5 0.40 16.4

0.96 0.25 211 0.36 193 0.41 16.5

1.06 0.29 21.0 0.37 19.4 0.41 16.7

1.16 0.28 21.3 0.36 19.4 0.40 16.9

1.26 0.30 21.0 0.37 19.4 0.40 17.0
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1.36 0.32 20.9 0.36 19.6 0.38 17.3
1.46 0.32 21.1 0.35 19.7 0.37 17.3
1.56 0.32 21.0 0.34 19.8 0.35 17.5
1.66 0.32 21.1 0.33 19.8 0.33 17.7
1.76 0.32 20.9 0.31 20.0 0.32 17.8
1.96 0.30 211 0.28 20.1 0.29 18.0
216 0.27 21.1 0.25 20.3 0.25 18.2
2.36 0.24 21.2 0.23 20.4 0.22 18.4

Table 7-19: Table 7-20: Air speed and temperature at different heights at the end of the primary zone for the 0.6 m x 0.6 m

diffuser for several supply under-temperature

Under-temperature [°C] 15 37 6.3

Height [m] Speed | Tempera | Speed | Tempera | Speed | Tempera

[m/s] | ture[’C] | [m/s] | ture[°’C] | [m/s] | ture[*C]

0.02 0.30 21.0 0.35 19.5 0.39 16.5

0.03 0.31 21.0 0.37 19.4 0.41 16.4

0.04 0.32 211 0.37 19.4 0.41 16.7

0.05 0.32 20.9 0.36 19.6 0.41 16.6

0.06 0.32 20.9 0.35 19.7 0.39 16.8

0.08 0.30 20.9 0.30 19.9 0.35 174
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0.10 0.27 211 0.26 20.0 0.29 17.4

0.20 0.11 21.4 0.08 21.1 0.09 19.1

Table 7-21: Air speed and temperature measured on the transversal axis at height of maximum air speed at the end of the

primary zone for the 0.6 m x 0.6 m diffuser for several supply under-temperature

Under-temperature [°C] 1.5 3.7 6.3

Distance from the axis Speed Tempera Speed Tempera Speed Tempera
[m] [m/s] ture [°C] [m/s] ture [°C] [m/s] ture [°C]
-0.9 0.15 215 0.20 20.6 0.21 18.5
-0.7 0.17 21.4 0.24 20.3 0.28 18.2
-0.5 0.21 21.2 0.29 20.1 0.34 17.8
-0.3 0.26 211 0.35 19.6 0.42 16.8
-0.1 0.30 211 0.36 19.6 0.41 16.6
0.1 0.32 21.0 0.37 19.4 0.41 16.8
0.3 0.27 21.2 0.33 20.0 0.37 17.6
0.5 0.22 214 0.28 20.2 0.30 18.0
0.7 0.18 214 0.23 20.6 0.24 18.2
0.9 0.14 215 0.19 20.8 0.16 18.5

Measurements on the diffuser DF1W size 1.2 m x 0.6 m for an under-temperature of 2.5°C

Table 7-22: Air speed measured at 0.05 m from the diffuser for the 1.2 m x 0.6 m diffuser for a supply under-temperature of

2.5°C[m/s]

Distance from 0 | 005|010 | 015 | 020 | 0.25 | 0.30
the . . . . . .
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longitudinal 0.30 | 0.25 | 0.20 | 0.15 | 0.10 | 0.05
axis [m]/
height [m]
0.10 0.09
0.15 0.06 | 0.16 | 0.16 | 0.13 | 0.13 | 0.14 | 013 | 0.14 | 0.15 | 0.16 | 0.18 | 0.21 | 0.06
0.20 0.10
0.25 0.10
0.30 0.09
0.35 0.09
0.40 0.09
0.45 0.09
0.50 0.09
0.55 0.09
0.60 0.09
0.65 0.02 | 0.03 | 0.10 | 0.10 | 0.09 | 0.09 | 0.09 | 0.09 | 0.09 | 0.08 | 0.09 | 0.15 | 0.02
0.70 0.10
0.75 0.10
0.80 0.10
0.85 0.09
0.90 0.05
0.95 0.06
1.00 0.04
1.05 0.04
1.10 0.15
1.15 0.02 | 0.02 | 015 | 0.17 | 0.18 | 019 | 0.18 | 0.18 | 0.18 | 0.15 | 0.18 | 0.03 | 0.01
1.20 0.02
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1.25 0.01

1.30 0.09

Table 7-23: Air temperature measured at 0.05 m from the diffuser for the 1.2 m x 0.6 m diffuser for a supply under-

temperature of 2.5°C [°C]

Distance from
the
longitudinal
axis [m]/ - - - - - -
height [m] 0.30 | 0.25 | 0.20 | 0.15 | 0.10 | 0.05 0 0.05 | 010 | 0.15 | 0.20 | 0.25 | 0.30
0.10 20.3
0.15 20.2
0.20 205 | 202 | 198 | 198 | 200 | 199 | 199 | 19.7 | 19.7 | 19.9 | 198 | 20.1 | 20.3
0.25 19.9
0.30 19.9
0.35 20.0
0.40 20.0
0.45 20.0
0.50 20.0
0.55 19.9
0.60 19.9
0.65 19.9
0.70 215 | 207 | 199 | 200 | 199 | 199 | 199 | 198 | 199 | 200 | 199 | 205 | 21.2
0.75 20.0
0.80 19.8
0.85 20.0
0.90 20.1
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0.95 20.2
1.00 204
1.05 20.5
1.10 20.5
1.15 19.9
1.20 217 | 215 | 202 | 198 | 201 | 199 | 199 | 201 | 201 | 20.3 | 20.0 | 209 | 21.6
1.25 20.7
1.30 21.8

Table 7-24: Air speed measured in the longitudinal plane for the 1.2 m x 0.6 m diffuser for a supply under-temperature of

2.5°C[m/s]
Height [m] /

Distance from

the diffuser [m] | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2 0.26
0.16 0.17 | 0.15 | 0.14 | 0.09 | 0.09 | 0.09 | 0.09 | 0.07 | 0.11 | 0.11
0.36 0.04 | 0.04 | 0.05 | 0.05 | 0.05 | 0.06 | 0.07 | 0.08 | 0.13 | 0.16
0.56 013 | 012 | 015 | 0.17 | 0.17 | 0.19 | 0.18 | 0.23 | 0.17 | 0.15
0.76 0.28 | 0.30 | 030 | 0.29 | 0.29 | 0.23 | 0.23 | 0.20 | 0.08 | 0.04
0.96 029 | 030 | 029 | 0.27 | 0.27 | 0.23 | 0.21 | 0.17 | 0.05 | 0.03
1.16 029 | 029 | 027 | 0.25 | 0.25 | 0.20 | 0.19 | 0.15 | 0.04 | 0.03
1.36 028 | 028 | 026 | 023 | 023 | 0.18 | 0.17 | 0.12 | 0.04 | 0.03
1.56 025 | 026 | 023 | 0.22 | 0.22 | 0.16 | 0.15 | 0.12 | 0.06 | 0.03
1.76 023 | 023 | 023 | 0.22 | 0.22 | 0.18 | 0.17 | 0.14 | 0.05 | 0.04
1.96 020 | 020 | 021 | 0.19 | 0.19 | 0.16 | 0.16 | 0.13 | 0.05 | 0.05
2.16 0.18 | 0.19 | 0.19 | 0.18 | 0.18 | 017 | 0.16 | 0.14 | 0.07 | 0.05
2.36 0.16 | 0.17 | 017 | 0.18 | 0.18 | 0.15 | 0.15 | 0.14 | 0.08 | 0.05
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2.56 017 | 017 | 016 | 0.17 | 0.17 | 0.16 | 0.16 | 0.15 | 0.09 | 0.06

2.76 013 | 015 | 015 | 0.15 | 0.15 | 0.14 | 013 | 0.13 | 0.08 | 0.06
2.96 012 | 014 | 014 | 015 | 015 | 015 | 013 | 0.12 | 0.09 | 0.07
3.16 0.11 0.11 012 | 013 | 0.13 | 0.11 012 | 0.12 | 0.09 | 0.07

Table 7-25: Air temperature measured in the longitudinal plane for the 1.2 m x 0.6 m diffuser for a supply under-temperature

of 2.5°C[°C]

Height [m]/

Distance from

the diffuser [m] | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2 0.26
0.16 20.1 | 201 | 20.2 | 20.3 | 20.3 | 20.2 | 20.3 | 20.3 | 20.0 | 20.0
0.36 199 | 20.1 | 201 | 20.1 | 20.1 | 20.1 | 20.0 | 19.9 | 19.9 | 20.0
0.56 200 | 199 | 199 | 199 | 199 | 201 | 20.2 | 20.2 | 206 | 20.7
0.76 201 | 201 | 203 | 204 | 204 | 205 | 205 | 20.7 | 211 | 21.2
0.96 203 | 203 | 204 | 206 | 206 | 206 | 20.8 | 209 | 21.2 | 213
1.16 20.2 | 204 | 206 | 206 | 20.6 | 20.7 | 20.8 | 209 | 21.3 | 213
1.36 205 | 204 | 206 | 206 | 206 | 20.8 | 209 | 21.0 | 21.2 | 213
1.56 204 | 205 | 20.7 | 20.7 | 20.7 | 208 | 209 | 209 | 212 | 214
1.76 20.7 | 20.7 | 206 | 20.7 | 20.7 | 209 | 20.8 | 209 | 21.1 | 213
1.96 20.7 | 20.7 | 20.7 | 208 | 20.8 | 20.8 | 209 | 209 | 21.2 | 213
2.16 209 | 208 | 20.8 | 20.8 | 208 | 20.8 | 21.0 | 210 | 211 | 21.2
2.36 209 | 209 | 209 | 209 | 209 | 209 | 209 | 209 | 211 | 21.2
2.56 210 | 21.0 | 20.8 | 209 | 209 | 21.0 | 209 | 209 | 21.0 | 211
2.76 210 | 210 | 210 | 210 | 210 | 21.0 | 21.0 | 210 | 211 | 21.2
2.96 212 | 211 210 | 210 | 210 | 21.0 | 211 211 210 | 211
3.16 212 | 212 | 211 | 211 | 211 | 211 | 211 | 21.0 | 211 | 211
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Table 7-26: Air speed measured in the transversal plane for the 1.2 m x 0.6 m diffuser for a supply under-temperature of 2.5°C

[m/s]

Height [m] /

Distance from
the axis [m] 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2
-0.90 014 | 014 | 014 | 0.14 | 0.14 | 0.14 | 0.13 | 0.12 | 0.07
-0.70 0.16 | 017 | 017 | 0.16 | 0.16 | 0.15 | 0.14 | 0.12 | 0.07
-0.50 0.18 | 0.18 | 0.18 | 0.18 | 0.17 | 0.16 | 0.16 | 0.12 | 0.07
-0.30 019 | 019 | 0.19 | 0.16 | 0.19 | 0.17 | 0.15 | 0.15 | 0.05
-0.10 0.18 | 0.19 | 0.18 | 0.18 | 0.16 | 0.16 | 0.16 | 0.12 | 0.06
0.10 019 | 019 | 020 | 0.17 | 0.18 | 0.15 | 0.14 | 0.13 | 0.05
0.30 020 | 020 | 0.19 | 0.19 | 0.18 | 0.17 | 0.15 | 0.13 | 0.06
0.50 019 | 019 | 019 | 0.17 | 0.19 | 0.16 | 0.15 | 0.15 | 0.07
0.70 0.19 | 0.18 | 0.19 | 0.18 | 0.16 | 0.15 | 0.15 | 0.13 | 0.07
0.90 0.15 | 0.16 | 0.16 | 0.15 | 0.15 | 0.13 | 0.13 | 0.12 | 0.06

Table 7-27: Air temperature measured in the transversal plane for the 1.2 m x 0.6 m diffuser for a supply under-temperature

of 2.5°C[°C]

Height [m]/
Distance from
the axis [m] 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2

-0.90 209 | 208 | 209 | 209 | 209 | 20.8 | 20.8 | 20.8 | 211
-0.70 209 | 207 | 208 | 209 | 208 | 20.8 | 20.8 | 20.8 | 21.0
-0.50 208 | 208 | 209 | 20.7 | 20.8 | 20.7 | 20.8 | 209 | 211
-0.30 208 | 20.8 | 20.8 | 20.8 | 20.7 | 20.8 | 209 | 208 | 21.2
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-0.10 209 | 208 | 209 | 209 | 209 | 20.8 | 209 | 209 | 211
0.10 209 | 208 | 20.8 | 209 | 208 | 209 | 209 | 209 | 21.2
0.30 207 | 208 | 209 | 20.7 | 208 | 20.8 | 20.8 | 209 | 21.2
0.50 20.7 | 20.7 | 20.7 | 20.8 | 20.7 | 20.8 | 20.8 | 20.7 | 21.1
0.70 206 | 206 | 208 | 20.8 | 20.7 | 20.7 | 20.7 | 20.7 | 21.0
0.90 208 | 20.7 | 20.8 | 20.8 | 206 | 20.7 | 20.7 | 20.7 | 21.0

Table 7-28: Air speed measured in the horizontal plane at a height of 0.05 m for the 1.2 m x 0.6 m diffuser for a supply under-

temperature of 2.5°C [m/s]

Distance from
the axis [m] /
Distance from
the diffuser [m] | -0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9
0.16 0.10 | 0.09 | 0.09 | 0.10 | 0.07 | 0.05 | 0.12 | 0.12 | 0.11 | 0.09
0.36 0.14 | 015 | 0.15 | 0.13 | 0.09 | 0.04 | 0.13 | 0.16 | 0.14 | 0.09
0.56 0.17 | 020 | 0.18 | 0.17 | 0.14 | 017 | 019 | 0.22 | 0.16 | 0.12
0.76 017 | 021 | 024 | 024 | 027 | 026 | 028 | 0.22 | 0.18 | 0.14
0.96 0.18 | 0.20 | 024 | 027 | 027 | 029 | 027 | 0.21 | 0.18 | 0.17
1.16 017 | 018 | 021 | 026 | 0.25 | 025 | 0.26 | 0.20 | 0.16 | 0.16
1.36 017 | 018 | 021 | 025 | 023 | 022 | 024 | 0.21 | 0.18 | 0.15
1.56
1.76 015 | 017 | 020 | 022 | 0.22 | 022 | 022 | 0.21 | 0.18 | 0.15
1.96 015 | 0.16 | 0.19 | 020 | 0.20 | 0.20 | 0.20 | 0.20 | 0.18 | 0.15
2.16 0.14 | 0.16 | 0.18 | 0.16 | 0.18 | 0.17 | 0.19 | 0.17 | 0.18 | 0.15
2.36 0.14 | 015 | 016 | 0.15 | 0.17 | 0.17 | 0.17 | 0.18 | 0.17 | 0.16
2.56 0.11 0.14 | 0.14 | 013 | 0.16 | 015 | 015 | 017 | 0.16 | 0.14
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2.76 011 | 0.10 | 0.1 011 | 013 | 012 | 013 | 0.12 | 0.13 | 0.12

Table 7-29: Air temperature measured in the horizontal plane at a height of 0.05 m for the 1.2 m x 0.6 m diffuser for a supply

under-temperature of 2.5°C [°C]

Distance from
the axis [m] /
Distance from
the diffuser[m] | -09 | 0.7 | 0.5 | -0.3 | -0.1 0.1 0.3 0.5 0.7 0.9
0.16 20.7 | 206 | 206 | 204 | 20.6 | 204 | 204 | 204 | 206 | 20.8
0.36 205 | 206 | 20.1 | 20.1 | 19.9 | 20.1 | 20.2 | 20.5 | 206 | 20.8
0.56 204 | 203 | 20.0 | 199 | 199 | 201 | 199 | 20.2 | 204 | 20.6
0.76 205 | 204 | 201 | 20.2 | 205 | 204 | 20.3 | 204 | 205 | 20.6
0.96 205 | 204 | 204 | 20.5 | 205 | 204 | 20.3 | 206 | 206 | 205
1.16 206 | 206 | 20.6 | 206 | 20.7 | 206 | 20.5 | 20.7 | 206 | 20.6
1.36 20.7 | 20.7 | 20.7 | 20.5 | 20.7 | 209 | 20.7 | 20.5 | 20.7 | 20.6
1.56
1.76 208 | 208 | 208 | 206 | 20.8 | 20.8 | 20.7 | 20.6 | 20.7 | 20.6
1.96 20.7 | 20.8 | 20.7 | 20.8 | 20.8 | 20.8 | 20.8 | 20.7 | 20.7 | 20.8
2.16 209 | 209 | 20.7 | 208 | 20.9 | 209 | 20.7 | 20.8 | 20.8 | 20.8
2.36 211 | 21.0 | 209 | 210 | 21.0 | 21.0 | 209 | 209 | 209 | 20.8
2.56 211 | 211 | 210 | 210 | 21.0 | 21.1 | 21.0 | 209 | 209 | 21.0
2.76 211 | 211 | 211 | 210 | 211 | 211 | 21.0 | 209 | 209 | 20.9

Measurements on the diffuser DF1W size 1.2 m x 0.6 m for an under-temperature of 5.5°C
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Table 7-30: Air speed measured at 0.05 m from the diffuser for the 1.2 m x 0.6 m diffuser for a supply under-temperature of

5.5°C[m/s]

Distance from
the

longitudinal

axis [m]/ - - - - - -

height [m] 0.30 | 0.25 | 0.20 | 0.15 | 0.10 | 0.05 0 0.05 | 010 | 0.15 | 0.20 | 0.25 | 0.30
0.10 0.11 0.09 0.06 0.08 0.08 0.08 0.12
0.15 0.19

0.20 0.17 0.18 0.17 0.16 0.18 0.25 0.09
0.25 0.12

0.30 0.04 0.14 0.11 0.10 0.11 0.11 0.00
0.35 0.10

0.40 0.03 0.15 0.10 0.10 0.11 0.13 0.00
0.45 0.10

0.50 0.03 0.16 0.11 0.11 0.12 0.13 0.01
0.55 0.12

0.60 0.02 0.14 0.12 0.12 0.12 0.12 0.01
0.65 0.12

0.70 0.02 0.14 0.13 0.13 0.13 0.12 0.01
0.75 0.15

0.80 0.02 0.13 0.14 0.15 0.14 0.12 0.01
0.85 0.15

0.90 0.03 0.12 0.18 0.13 0.19 0.13 0.01
0.95 0.10
1.00 0.02 0.01 0.15 0.08 0.17 0.03 0.01
1.05 0.08

187



1.10 0.02 0.16 0.06 0.04 0.13 0.16 0.01
1.15 0.18
1.20 0.02 0.19 0.19 0.19 0.15 0.16 0.01
1.25 0.01
1.30 0.02 0.01 0.01 0.01 0.01 0.01 0.04

Table 7-31: Air temperature measured at 0.05 m from the diffuser for the 1.2 m x 0.6 m diffuser for a supply under-

temperature of 5.5°C [°C]

Distance from
the

longitudinal

axis [m] / - - - - - -

height [m] 0.30 | 0.25 | 0.20 | 0.15 | 0.10 | 0.05 0 0.05 | 010 | 0.15 | 0.20 | 0.25 | 0.30
0.10 18.5 18.3 18.3 18.2 18.4 18.5 18.7
0.15 18.0

0.20 18.6 17.7 17.7 17.7 17.6 17.6 19.1
0.25 17.7

0.30 19.7 17.7 17.7 17.8 17.7 17.7 20.2
0.35 17.9

0.40 20.6 17.7 17.8 17.8 17.7 17.7 20.3
0.45 17.8

0.50 20.8 17.7 17.7 17.7 17.7 17.8 204
0.55 17.6

0.60 21.0 17.8 17.7 17.7 17.6 17.7 20.6
0.65 17.7

0.70 21.0 18.2 17.7 17.6 17.7 17.7 20.3
0.75 17.8
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0.80 20.9 17.7 17.8 17.8 17.8 17.8 20.7
0.85 18.1
0.90 21.2 18.1 17.9 18.1 18.1 18.0 20.6
0.95 18.2
1.00 214 19.6 17.9 18.2 18.0 19.5 21.2
1.05 18.2
1.10 214 20.5 18.5 184 18.0 19.5 213
1.15 17.9
1.20 217 17.9 18.0 18.0 18.1 18.7 216
1.25 20.9
1.30 21.9 213 21.4 21.5 21.5 214 217

Table 7-32: Air speed measured in the longitudinal plane for the 1.2 m x 0.6 m diffuser for a supply under-temperature of

5.5°C[m/s]
Height [m] /

Distance from

the diffuser [m] | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2 0.26
0.16 022 | 021 | 020 | 0.19 | 0.18 | 0.14 | 0.11 | 0.06 | 0.15 | 0.09
0.36 0.07 | 0.09 | 010 | 0.14 | 012 | 0.13 | 0.14 | 0.19 | 0.23 | 0.17
0.56 032 | 0.36 | 0.33 | 0.36 | 029 | 0.26 | 0.23 | 0.19 | 0.06 | 0.03
0.76 039 | 040 | 035 | 0.35 | 029 | 0.25 | 0.22 | 0.15 | 0.03 | 0.03
0.96 037 | 037 | 033 | 0.32 | 025 | 0.22 | 0.18 | 0.13 | 0.04 | 0.04
1.16 0.33 | 0.34 | 030 | 0.29 | 023 | 0.21 | 0.18 | 0.12 | 0.05 | 0.05
1.36 0.31 | 0.30 | 028 | 0.27 | 0.22 | 0.20 | 0.18 | 0.16 | 0.06 | 0.04
1.56 026 | 028 | 027 | 0.25 | 0.23 | 0.21 | 0.19 | 0.16 | 0.07 | 0.05
1.76 024 | 025 | 0.26 | 0.25 | 0.22 | 0.21 0.20 | 0.18 | 0.08 | 0.06
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1.96 021 | 022 | 024 | 022 | 0.21 | 020 | 0.20 | 0.17 | 0.09 | 0.07
2.16 020 | 020 | 022 | 022 | 0.21 | 019 | 0.19 | 0.17 | 0.09 | 0.07
2.36 0.17 | 020 | 0.20 | 0.20 | 0.19 | 0.19 | 0.19 | 0.16 | 0.09 | 0.07
2.56 016 | 018 | 0.18 | 0.18 | 0.18 | 0.18 | 0.18 | 0.16 | 0.09 | 0.08
2.76 015 | 0.16 | 017 | 0.18 | 0.17 | 0.16 | 0.16 | 0.16 | 0.08 | 0.07
2.96 014 | 015 | 016 | 0.16 | 0.15 | 0.16 | 0.15 | 0.15 | 0.09 | 0.08
3.16 012 | 013 | 014 | 014 | 013 | 0.14 | 0.14 | 013 | 0.09 | 0.08

Table 7-33: Air temperature measured in the longitudinal plane for the 1.2 m x 0.6 m diffuser for a supply under-temperature

of 5.5°C[°C]

Height [m] /

Distance from

the diffuser [m] | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2 0.26
0.16 183 | 183 | 183 | 183 | 186 | 186 | 185 | 182 | 17.8 | 18.0
0.36 18.1 18.1 18.0 18.0 17.9 17.9 18.0 17.9 18.3 19.0
0.56 181 | 182 | 185 | 189 | 189 | 191 | 194 | 19.8 | 205 | 20.8
0.76 186 | 189 | 19.2 | 194 | 196 | 197 | 20.0 | 20.3 | 20.7 | 21.2
0.96 18.9 19.1 19.5 19.6 19.8 19.9 | 201 202 | 207 | 21.2
1.16 192 | 193 | 195 | 196 | 198 | 199 | 20.0 | 20.1 | 206 | 21.2
1.36 194 | 196 | 196 | 197 | 198 | 199 | 20.0 | 20.0 | 20.6 | 20.9
1.56 19.7 | 19.7 | 198 | 19.8 | 19.9 | 19.9 | 19.9 | 20.0 | 205 | 20.6
1.76 200 | 199 | 199 | 198 | 199 | 199 | 199 | 20.0 | 204 | 205
1.96 20.3 | 20.1 | 20.0 | 20.0 | 20.0 | 20.0 | 20.0 | 20.0 | 204 | 20.5
2.16 204 | 203 | 20.2 | 20.1 | 20.1 | 20.1 | 20.1 | 20.1 | 20.3 | 205
2.36 205 | 204 | 20.3 | 20.2 | 20.2 | 201 201 201 204 | 204
2.56 206 | 206 | 20.5 | 20.3 | 20.2 | 20.3 | 20.2 | 20.2 | 204 | 204
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2.76 207 | 207 | 205 | 204 | 204 | 204 | 204 | 20.3 | 204 | 204

2.96 207 | 207 | 20.7 | 20.5 | 20.5 | 204 | 204 | 204 | 205 | 204

3.16 209 | 208 | 20.7 | 205 | 206 | 205 | 205 | 205 | 205 | 204

Table 7-34: Air speed measured in the transversal plane for the 1.2 m x 0.6 m diffuser for a supply under-temperature of 5.5°C

[m/s]
Height [m] /
Distance from

the axis [m] 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2
-0.90 0.15 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.14 | 0.09
-0.70 0.16 | 0.17 | 0.17 | 0.17 | 0.17 | 0.17 | 0.16 | 0.13 | 0.06
-0.50 0.18 | 019 | 0.19 | 0.19 | 0.18 | 0.18 | 0.16 | 0.14 | 0.07
-0.30 0.19 | 020 | 021 | 0.20 | 0.19 | 0.19 | 0.18 | 0.16 | 0.07
-0.10 019 | 020 | 022 | 021 | 0.22 | 020 | 0.19 | 0.18 | 0.09
0.10 0.20 | 0.21 022 | 0.22 | 0.21 0.21 0.20 | 0.18 | 0.08
0.30 021 | 022 | 023 | 0.23 | 0.23 | 0.22 | 0.21 | 0.18 | 0.08
0.50 021 | 022 | 023 | 0.22 | 0.21 | 0.20 | 0.19 | 0.17 | 0.08
0.70 0.17 | 019 | 020 | 0.19 | 0.19 | 019 | 0.18 | 0.17 | 0.10
0.90 0.14 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.15 | 0.14 | 0.10

Table 7-35: Air temperature measured in the transversal plane for the 1.2 m x 0.6 m diffuser for a supply under-temperature

of 5.5°C[°C]

Height [m] /
Distance from
the axis [m] 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.1 0.2

-0.90 205 | 205 | 203 | 20.3 | 20.2 | 20.2 | 20.3 | 20.3 | 204
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-0.70 205 | 204 | 203 | 20.2 | 20.2 | 20.1 | 20.2 | 20.2 | 20.5
-0.50 204 | 203 | 20.2 | 20.2 | 201 | 20.0 | 20.2 | 20.2 | 20.5
-0.30 205 | 203 | 20.2 | 20.2 | 201 | 201 | 20.2 | 20.2 | 20.5
-0.10 205 | 204 | 20.2 | 20.2 | 201 | 201 | 20.2 | 20.2 | 20.5
0.10 204 | 204 | 20.2 | 201 | 201 | 20.1 | 20.1 | 20.2 | 20.5
0.30 203 | 203 | 20.1 | 20.0 | 20.0 | 199 | 20.0 | 20.1 | 20.4
0.50 20.2 | 201 | 200 | 199 | 199 | 199 | 20.0 | 20.0 | 20.3
0.70 203 | 20.2 | 20.1 | 20.0 | 20.0 | 199 | 20.0 | 20.0 | 201
0.90 204 | 203 | 20.2 | 20.1 | 20.1 | 20.0 | 20.0 | 20.0 | 201

Table 7-36: Air speed measured in the horizontal plane at a height of 0.05 m for the 1.2 m x 0.6 m diffuser for a supply under-

temperature of 5.5°C [m/s]

Distance from
the axis [m] /
Distance from
the diffuser[m] | -09 | 0.7 | 0.5 | -0.3 | -0.1 0.1 0.3 0.5 0.7 0.9
0.16 013 | 013 | 013 | 0.15 | 0.19 | 0.13 | 0.18 | 0.12 | 0.10 | 0.10
0.36 019 | 024 | 027 | 0.18 | 0.12 | 0.17 | 0.14 | 0.19 | 0.12 | 0.11
0.56 0.16 | 021 | 0.26 | 0.33 | 0.35 | 0.36 | 0.34 | 0.23 | 0.14 | 0.12
0.76 0.17 | 019 | 022 | 0.32 | 0.35 | 0.36 | 0.33 | 0.21 | 0.16 | 0.14
0.96 019 | 021 | 026 | 0.32 | 0.33 | 0.35 | 0.33 | 0.25 | 0.20 | 0.17
1.16
1.36 019 | 021 | 025 | 0.29 | 0.29 | 0.30 | 0.30 | 0.26 | 0.21 | 0.17
1.56
1.76 017 | 020 | 022 | 025 | 025 | 027 | 027 | 0.24 | 0.20 | 0.17
1.96 0.17 | 0.19 | 0.21 022 | 023 | 0.24 | 025 | 0.23 | 0.21 0.17
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2.16 016 | 017 | 019 | 020 | 0.21 | 022 | 023 | 0.22 | 0.19 | 0.16

2.36 0.17 | 017 | 0.18 | 0.19 | 0.19 | 0.19 | 0.20 | 0.21 0.19 | 0.17
2.56 0.16 | 016 | 0.17 | 0.18 | 0.19 | 0.19 | 0.19 | 0.20 | 0.18 | 0.16
2.76 015 | 015 | 016 | 017 | 0.18 | 0.18 | 0.18 | 0.18 | 0.17 | 0.14

Table 7-37: Air temperature measured in the horizontal plane at a height of 0.05 m for the 1.2 m x 0.6 m diffuser for a supply

under-temperature of 5.5°C [°C]

Distance from
the axis [m] /
Distance from
the diffuser[m] | -09 | 0.7 | 0.5 | -0.3 | -0.1 0.1 0.3 0.5 0.7 0.9
0.16 194 | 195 | 193 | 18.7 | 183 | 186 | 186 | 19.1 | 19.2 | 19.1
0.36 190 | 188 | 181 | 179 | 180 | 180 | 17.9 | 182 | 193 | 19.2
0.56 192 | 191 | 192 | 188 | 187 | 188 | 19.0 | 19.3 | 193 | 19.2
0.76 194 | 193 | 194 | 193 | 192 | 193 | 193 | 195 | 194 | 193
0.96 19.4 19.4 194 19.3 194 19.5 19.3 19.4 19.3 19.3
1.16
1.36 19.7 | 197 | 196 | 195 | 197 | 197 | 195 | 195 | 196 | 19.6
1.56
1.76 199 | 199 | 198 | 198 | 198 | 198 | 19.7 | 19.7 | 19.7 | 198
1.96 201 | 20.0 | 199 | 199 | 20.0 | 19.9 | 199 | 19.8 | 19.9 | 20.0
2.16 203 | 202 | 20.2 | 20.2 | 20.2 | 20.1 | 20.0 | 19.9 | 20.0 | 20.1
2.36 203 | 202 | 20.2 | 20.2 | 20.2 | 20.2 | 20.1 | 20.0 | 20.0 | 20.2
2.56 20.3 | 203 | 20.2 | 20.3 | 20.3 | 20.3 | 20.2 | 20.1 | 20.1 | 20.2
2.76 20.3 | 204 | 20.3 | 20.3 | 20.3 | 204 | 20.2 | 20.1 | 20.1 | 20.1
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