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ABSTRACT

Title: Measurement, Analysis, and Modeling of Nésothermal LowVelocity Displacement
Ventilation Jets
Laurent MagnierBergeron, 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 compia associated with displacement ventilation is
however the draft discomfort causetly the colcer air movement at foot level, and the local
discomfort due to an excessive temperature difference between head and amhkbeifficient
information is currentlyavailable regardinghe variations of temperature and velocity insideDVijet.

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

In this thesis, the DV jet is analyzed in depth throught, experimental meastements andthen, the
development of correlation models. Measurements are performed in an environmental chamber to
study the DV jet coming from twdifferent wall-mounted DV diffusers, for different supply conditions.
The variations of air speed and tenrpture in the longitudinal, transversal, and horizontal planes are

measured and analyzed. Thigermal characteristics ardiscussed in terms of local thermal comfort.



In the second part of the thesis, the experimental data analyzedtowardsdevelopng new models
for the distribution of air speed and temperature in trer jets. A newmathematicalmodel is
proposed for the variation of air speed in the secondary zone of the jet, as well as anodel is
suggestedor the vertical air speed profile. Thawation ofthe thicknessof the DV jet is also studied
A new mathematical is mode$ proposedo account for the variation of minimal air temperature in
the jet. The variations of air speedd temperature in the transversal direction are aldiscussed.

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

1.1 Problem statement

Ventilation and air conditioning argenerallyrequiredin modern buildinggo provideadequate
thermal comfort and air quality. They are ab critical componentsin terms ofbuilding energy
consumption. Severahovel air delivery strateges, such as mixing ventilation, displacement
ventilation, or personalized ventilatiohave been developed over the yeamisplacement
Ventilation (DV) has recently attracted growing interest in North America as a way to save
energy and increase IndooirAQuality (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 (&Kistt al, 2002) The occupantand oter

heat sources inside the room then act as plume convecttrs, resulting air movement is
known to lead totemperature and contaminantertical stratification in the room(Figure 11).

The advantage of displacement ventilation over mixing ventilatiotha the air brought at
breathing level is notor only slightly mixed with the indoor air, leading to an increased
perceivedindoor air qualityln addition, & the positively buoyant contaminants such as human
related odours are brought in the upper paf the room, outside of the breathing zondue to

the plume effect Thismechanisnmresultsin 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 overdl IAQ is in most cases higher in rooms equipped with displacement ventilation

than inrooms equipped with mixing systems (Chen and Glicksman, 2003).
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Figurel-1: lllustration of Displacement Ventilation

In terms of energyse the action ofthe thermal plumes also creategertical temperature
stratification in the room.This stratification enables to coanly the occupied prtion of a
room, while leaving the higher portion at a higher temperaturs a result, thesupply airflow

rate required to make the roonthermally comfortableis smaller. Overall the higher supply air
temperature and lower supply air flow rate lead toder loads on the cooling coils dfe air
handling unis, and lower electricity use for mechanical refrigeration as well as for supply fans
The higher supply temperatureompared to mixing ventilatigralso enables a more frequent

useof free cooling ove the year, leading to further energy savinghen and Glicksman, 2003).

Despite these advantages, these of displacement ventilation is still limitedA problem
frequently associated with DV iisdeedlocal discomfort. De to the cold aimoving at the foot

level, the risk of draft discomfort isigherin DV system A survey of 227 workers in 10 office
buildings equipped witldisplacement ventilatioshowed that as much as 24%tbg& occupants
experienced discomfort at the lower leg level (Melikov et 2D05). The temperature
stratification can also lead to an excessive temperature difference between the head and the

ankle and therefore discomfortThe issue of local comfort, closely related to tredocity and



temperaturedistribution within the DV jg needs to be addressed before DV is used at a greater

scale.

1.2 Objectivesof 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 comfdithefirst main objectiveof this thesids

to acquire a in-depth understanding of the physics of avDet andof the distributions of
velocity and temperatures inside the jélthe second objective is thatabed onthis knowledge,
correlation modelsbe devebped todescribethe variatiors of air speed and temperature in the
secondary zone of a DV jegs such descriptions are needsal better design and operate DV

systems

In order to achieve tbseobjectives, this thesisaimsto:

1 Perform extensivemeasurementsn the DV jet using &éine threedimensionalgrid, in
order to create a database @Elocity and temperaturelistributions within the jet

1 Quantify the variations of velocity and temperature within the DV jet, arthlyze their
impact on locatomfort and local comfort assessment.

1 Based orthe measurel data validate existingmodelsand develop newnathematical
modelsfor the profile of maximum air speed in a DV jet.

9 Study in depth the vertical profile of air speed in the jet and develop rawetations

1 Analyzethe thickness of the jet ahits variationwith distance from the diffuser

1 Analyze and develop nemathematical model$or the distribution of air temperature in

aDV jet.



In order to achieve these objectives, a literature reviewtltd existing experimental dates
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 protodsl developed (Chapter 3). fe
experimental results ar@resentedin Chapter 4Based on the data, severebrrelationbased
modelks are developed for the distributios of air speed and air temperature in the DV jet
(Chapter 5)Finally, the contribution®f this thesis are highlighted arfdture workis suggested
(Chaper 6).



CHAPTER 2: LITERATURE REVIEW

This chapter first presents a literature reviewstiidies related tahe velocity and temperature
distributions within a DV jet. Only displacement ventilatiomon-isothermal airjet 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 inuba(Skistad et al. 2002).

It is also noteworthy that the review presented im¢ chapter only focuses on the displacement
ventilation jet coming from a watliffuser, 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 iterature review.
2.1 Introduction

This section firspresentsan overview of the DV jet and some basics of theoretical analysis. A
discussion regarding the thermal comfort aspects and issues in regard of displacement

ventilationfollows.

2.1.1 Overvievof a displacement ventilation jet

The DV jet can be separated into two distinct zortlagre2-1). The first zone, or primary zone,

is a zone where th 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 reathedaximum.

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 secongarone 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 ZC

diffuser

Figure2-1: Schematic view of the two flow regions in a DV jet

The properphyscalway to describe the flow of a DV diffuser is lelocity negatively buoyant
horizontal walljet. As discussed by Nielsen (1994), DV flow can be considered using different
theories such ashe ones ofwall-jets, confluent jets, or gravity currents. Thall-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 degaThe 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 conafrt

Thermal comfort is @rucialparameter to be consideed when designing a ventilation system.
In the case of DV system, both global thermal comfort (PMV,(RBEIRAE 52010) and local
thermal comfort need to be considered. While the former is relatively easy to satisfy, the latter

is more complex and caused sevelAksystem relatedcomplaints in the past (Melikov et al.
6



2005). In terms of local thermal comfort, two parameteare particularly problematian 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 aict level. The rislof 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.®5 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
Equation2-1 (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 b®ted that in the newest version of ASHRAE 55 (ASHRAE,
2010), the equation of the Draft Rate has been removed; a limit of 20% of occupants affected by

draft discomfort is however still present.

- .
$2 o1 406 mnu" DnoYA B oP T Equation2-1

where:
1 DRis the draft rate;
1 Tis the air temperature [°C];
9 Tl is the local turbulence intensity [%], and;
1

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

For practical purpose velocity limit of 0.20 m/3s generally retained in the industry (E.H. Price,
HandpT CEF1G622RYE HamnO FYR Ay w9l ! Qa |yR ! {1
Glicksman, 2003). An information missingthiermal comfort standards is the height at which

the draft discomfot should be evaluated. In principle, there is not limitation regarding where it

7



could be evaluated and the maximum DR should be considédedone hand many field
studies (Love, 2010) focus on the standardized ankle height of 0.1 m from ASHRAE 113
(ASHRAE2009) and ASHRAE 55 (ASHRAE, 2004; ASHRABMIED}his 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 causeiaogrdfort 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.e.resulting inless than 10% dhe 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 shouldeverthelessbe controlled to prevent discomfort. Ahorough
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

discussedurther in section 3 of this chapter.

2.2 Velodty 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 deternstiee maximum velocity reached in

the jet and the distance from the diffuser at which this velodgyreached In terms of

8



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 folCFD validation purposes suéls 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 correlatiohas however been developed in these studies. A conclusion
that can be drawn from these studiestigat, after about half a meter distance from the diffuser,
the DV jet appears to follow a wagdt-like vertical velocity profile (Rajaratnam, 1976),

regardless of the air distribution profikg the diffuserexit.

Only a limited number of modekre 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 energyWhile interesting, their theoretical analysis was limiteglenergy loss
through turbulence, entrainment of room air, or spreading of thewets not consideredLater,
Etheridge and Sandberg (1996) proposed a formula to predict the length of the praoeyfor

a radial gravity current. According to the authors, the equation fits well with experiments for a
round waltdiffuser Measurements in this study were however neverifted or mentioned
outside of the original study and might not be applicabterectangular diffuserA second
formula available in the literature is from the Nordtest model, as described in the NT VSS 083
(Nordtest, 2009). In this standard, a tweoefficient correlation is proposed to evaluate the
maximum velocity reached athe end of the primary zoneThe 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 condibns. 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; Sandbamd Blomgvist, 1989). The moo®mplete 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 onddttleoretical analysis and 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 distributiamd alongthe central axis, can be

described by the following equation:

0 0 (AEEE Equation2-2

where

V(x) is the maximum velocity at a distance x from the diffuser [m/s];
Vi is the face velocity of the diffuser [m/s];
Kir is an experimentally determined constan; [

Hairr is the height of the diffuser [m];

= =_ =2 =

X is the distance from the diffuser [m];

Nielsen used his model to correlate the velocity denaasured inexperiments performed on

various DV wall diffusers at various supply conditions. The correlasiensn good agreement

with the experimental data once the appropriate,Konstantis experimentally determined.
bAStasSyQa VY2RSt Aa (GKS Y2ad | OOSLIISR @St 20Ad
reasonably good agreement with various experimental data (Skist@94, for instance). It is

fa2 NBFSNBYOSR Ay YI22NJ RSaA3dy 3JdzARSt AySa adz
YR !'{lw!9Qa RSaA3aly 3FdZARStAySa o/ KSy IFyR DfaA
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versiors of Nielsen model exist. An eankersion 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 [k O2y aidl yi Ay ibiktétled ® ltatcteNzathe Slow from a
diffuser using a single value, as it is the case with classicavbigtity free jes. In the case of
displacement ventilation however,gyKvalue is valid only for a specific diffuser, with a specific
outlet size and aspect ratio, and specific undettemperature. While some theoretical
formulations of K 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 orgin etc). Nielsen (2000) also proposed a linear relation betwegeari

the root of the Archimedes number (Ar). This approximation however appears to be mostly
gualitative. As a conclusion, no satisfactory relationship could be found in the literature to relate
the Ky constant with the diffuser characteristics or the gy temperature. Therefore, for each
diffuser, kK, needs to be determined through laboratory measurements, for all the sizes and

undertemperatures of interest.

Nordtest model

The Nordtest model, as described in the NT VSS 083 (Nordtest, 2009), is acacelation

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 frdma diffuser (i.e. the distance between

the point of interest and the center of the diffuser) and an anglérom the longitudinal axis

can be described bquation2-3.

- .. N 2 h .
6 2h Ey 3 Oﬁ » 0= Equation2-3
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where:
T +owZ. 0 Aad G(KS YI EA Rilew thg GiffugeOandian ardglé | NI R
from the longitudinal axis [m/s];
Aryis the Archimedes number as defined in Nordtest (2009) [

1
1 B is the buoyancy flux defineid Nordtest (2009) [m/s] ;
9 Lis the horizontal perimeteof the diffuser [m], and,;

1

kv s ki sand k s are experimentally determined coefficients.

The Nordtest mRSt LINSaSyida aSOSNrft |R@GLFIydlF3asSa O2YLI D
model the velocity distribution both in the centerline and outside the centerline (once empirical
coefficients ar&known). Another significant asset of the Nordtest model is that@ding 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 Nordie model is therefore able to handle more

aAbdza GAzya GKIY bAStaSyQa Y2RSt o

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 tefms
experimental work, required to use this model is therefore significant. In addition, the
O2NNBf I GA2y O2STFFAOASYGa IINB Ifaz2 RSLSYyRSyd 2
angle, three new correlation coefficients need to be experimentallyedatned. 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 Sandbergnd Blomgvist (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

12



decay in theform of a negative exponentiaérm. Although interestingthe air speed modeki

based on assumptions suealsa constant temperature difference between the air in the jet and

the ambientair, and a constant jet thickness. These assumptions are however depray
experiments. Indeed, the air temperature difference between the jet and the amlaenwas

found in several experimental studies to vary with the distance from the diffuser (Kegel and
Schulz, 1989; for instance). The jet thickness, in turn, wasfalmd to vary with the distance

FNRBY (GKS RAFFAZASNI 6bAStaSys wnnnod h@SNIftsx {]I
the only attempt to analyze the DV jet from a theoretical point of view, suffers from-over

simplifying assumptions. This mddes 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 caseecificity of coefficient i 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 modehlso 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 fiuser. In Nielsen model, a simple inverse function is used

in Nordtest model, a case specific power function is ysedifinally, in the theoretical model of
Sandberg and Blomaqyvist (1989), a negative exponential function is used. Another important
issueis that all the models developed in the literature foomusly 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. Thexmraum velocity, in turn, might

not occur at ankle level (0.10 m) and may therefore not be representative of draft discomfort.
Hence he velocity models described in this section cannot be directly used for comfort

assessment without further knowledge reglang 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 theofjne dimensionless vertical velocity profile

can then be expressed Bquation2-4 (see alsd-igure2-2) (Rajaratnam, 1976).

>~

6 duu

- P . .
Uy e U Equation2-4
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1

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

and at height z;

l % is the normalized air speed at a distance x from the diffuser, y from

the central axis, and at height z;
T 1+ A& GKS {KAj&]dgfidedas tleTdistanéeSront thisdar to the
height where the velocity has decreased @frof the maximum velocity;

i ?is the normalized height, and;

9 erfis the error function.

6=010m-020m

00 01 02 03 04 05 06 07 08 09 1.0 11
normalized velocity

Figure2-2: Theoretical vertical velocity profilén a DV jet(based on Rajaratnam, 1976)

14



This theoretical profile ha shown good agreement with several laboratory and field
measurements, using either watiounted DV diffusers (Cho et al. 2008; Lau and Chen. 2007) or
quarter-corner DV diffusers (Nielse2000; Zhang et al. 2009). This profile has however be

found validonly in the secondary zone of the DV jet (Cho et al. 2008). As can be sEguip

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 aityshiely at the height of

ndém YI O2NNBALRZYRAYy3a G2 (GKS 200dzLd yiQa Fyf:
measurements at 0.1 m height is useful for comfort assessment, it provides only limited

information on the whole flow.

A major parameter oEquation2-4 A & (KS (KAOlySaa + 2F GKS 2Sio
thickness of the flow in the secondary zone generally lies between 10 acdrzlinetres the
maximal velocity occumg between 2 and 5 centimetres (Li et al., 1993; Nielsen, 2000; Nordtest,
2009). There is however no agreement in the literature regardingchvparameters influence

the thickness of the DV jet and no model to pidthis 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 testedNielsen 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
guantitative 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 Areldies number, to a change in
supply temperature or to a different stratification inside the room. Finally, no informatson

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

Most of the dat 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 numaeplineg
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 flacea.According tahe walkjet theory,

the transversal velocity profile in a DV jet should follow a Gaussian distribution (Rajaratnam,
1976). The only measured transvergddta for a DV jet found in the literature are two
transversal profiles from Nieds (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 difigrent supply

conditions.

Due to the lack of reliable experimental data, the air velocity variagovay from the
longitudinal axis is not included in current velocity models. In the recent Nordtest model (2009),
the velocity outside théongitudinalaxis is simply modked using the same formulas as the one
used on the axis, changing the three correlation coefficients. There is however no indication
how the coefficientsfor locations awayfrom the axis could be estimatedsing as bas¢he
coefficients identified to mdel 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 thorpughl
verified (Nielsen, 1989). Regarding the radial assumption, it should also be notedirthat
practical situations, a radial DV flow will always eventually be affected by the room walls. This

issue has however never been discussed, except very briefigiseN (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 asccupants. 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

evduating 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 parametarsl is a predominant parameter in
adzyRiQa Y2RSf o6adzyRGXZ mMppcod ¢KS (eLlSa FyR f 2
KIaS | AaA3IYyAFAOFYydG AYLI OGO 2y GKS AN GSYLISNI
Ryberg, 1999)for instance, detemines 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, aséeiligiy

spaces behave differently than legeiling spaces terms of stratification (Skistad et al. 2002).

Finally, Li et al. (1993) demonstrated that heat transfer by faahain 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 thateb #tat the
dimensionless temperatuie ; dt 0.1 m from the floor is halfway between supply temperature
(Tsupply @andexhaust temperature (&um) (Equation2-5). 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 2 2 NJ f; Guvar from 0.2 to 0.65 (Skistad et al. 2002, Mundt 1996). Several
FASER YSI adz2NBYSy i a;ganéralhRdoSed to 4006 SandbERylaBdNBlomdvist, *
1989; Love, 2009). Experimental data also suggest that the 50% rule should rigeedha a
33% rule in rooms with higteilings (Skistad et al. 2002).

) 4o§>~aai Us Equation2-5

dopoodiooppi U

A more detailed model to evaluate the temperature at floor level was developed by Mundt
(1996). This modeis based on a theoretical analysis of heat transfer inside a room and
validated with numerous experimental data. Thmodel suggests that theair temperature at

floor level is primarily influenced by the flow rate, the floor area and the convection heat
GNF YyATSNI O2STFFAOASYlG 0SG6SSy (K SenVdidatgd\singy R
data from eleven different experimental studies, eachepenting different room dimensions,
heat sources and supply conditions (Mundt, 1996). Results show good agreement with
measured data, even for higteiling rooms, with errors generally less than 0.1 when estimating
“+. A more advanced model has been propdsrecently by Mateus and Carrilho da Graca
(2014), which further improves the overall prediction of temperature stratification in the room,

including the average temperature at floor level.

Despitegood agreemenbetween these models anexperimental dataa major limitation ishe
consideration ofa single temperature for the whole floor area. Variations of temperature inside
the DV jet are not consideredd new model therefore needs to be developed to take that

aspect ito account.

2.3.2 Temperature vaation 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 horizolyalor heights higher than 0.5 m
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(Kegel and Schulz, 1989; Li et al. 1993)hatheight of 0.1 m though,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 fromthe 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 stezhperature

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 tth@or 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 (Let al. 1993). Nonetheless, based on the data available in the literature,
guantitative 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 stadipdf

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 panfed on a gravity current
induced by a cold walHeiselberg, 1994 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 jaboratory 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 nasothermal walliet could be expressed

by Equation2-6. Ina discussion in Chen (200igwever this equations foundnot applicable by
Amiri et al. (1996). Chen (2001) concluded tlajuation2-6 is not valid for displacement
ventilation jets. Regarding the transversal variations of temperature within the jet, the data

found in the literaturewere found too limited to draw any clearonclusions.
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. Jrri Equation2-6
4i et 4oiii

6

6.

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

Tis the air temperature at a given location in the jet [K];
Troom IS the air temperature in the room [K];

Tmin IS the minimum air temperature in a given cressction of the jet [K];

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

= =_ =2 =4 =

Vv is the maximum air velocity in a given crassction 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 availabtgarding the variation of air speed in the
transversal and vertical directionB) terms of temperature, the data available in the literature
are very scarce, evealongthe longitudinal axis. A more systematic experimental study of the
distributions of ai speed and temperature is therefore required, in the three directiafs
relevance, namelylongitudinal, transversal, and vertical. As for models in literature, some
models exist for the velocity decay in the secondary zone, but are limited byspaséc
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 SEXPERIMENTAL
PROTOCOL

The experimental work is aimed at overcoming the current lacllabé regardirg the velocity

and temperaturedistributions inthe DV jet. An environmental chamber is sgtto reproduce a
small room where a DV diffuser is installed and measuremeht&locity and temperature are
performed using a very fine mesh, with a focus on heights between 0.02 m a@dn@.2
Measurements in the noisothermal DV jets are performed in three perpendicular planes to
acquire a threedimensional dataset. The data ¢gared 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, instreams 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 depicte#igure 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) Bigure3-1a. The diffuser is installed inside a partition
wall, with its lowest point located at 0.1 nirom the floor, as recommended by the

manufacturer. Thaliffuser is connected to the wilation system of the chamber for control of

21



the supply air flow rate and temperature. The Baves the chambethrough a 3.6 m by 0.3 m

gap on the top of one of the chamber sidewalls, denoted by (2Figure3-1a. Figure3-1b
shows the details of the exhaust systetime exhaust air comes from ¢itop of the wall(2.1), to

the bottom of the wall (2.2) then passes through the cooling coif2.3) and is then
redistributed into the main duct to the diffus€R.4). The main duct is insulated using sm of
fibreglass insulation. In order to balandeetloads 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 areaSecondto balance the loads with more accuracy, an adjustable-temperature
heating panel (6/50W) is also used. This heating panel is installed on the wall opposed to the

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

A

/ @) (24) D ]
| -.‘/ >_,.

B

N (2.1) ?

(2.3)

M

o | f
(2.2)
a) b)

Figure3-1: Schematic view a) of thenvironmental chamber; b) of the exhaust system
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3.1.2 Measuring instruments

The air speeds measured by an omnidirectional lewelocity anemometer (ThermoAir 6/64
from Schiltknecht), with a standard error of 0.01 m/s for velocities between 0.01 nusla(0

m/s. This anemometer was calibrated in a wind tunnel at lingoor air research laboratorgf

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 ameeasured using -fype
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 hesghtthe chamber is measured

by Resistance Temperature Detectors (RTDshpawistandard error of 0.1°C. These RTDs were
also calibrated in a thermal bath in Concordia. Finally, in order to calculate the supplsatigw

a Pitottube is used (denoted by (4) Figure3-1a) while the pressure differentials read by a
2110F Smart Flow Gauge manometer from Meriam Instrument. This Pitot tube was calibrated
for flow ratesranging from 1L/sto 200 L/s by a sidby-side comparison with a higaccuracy

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 contremotely the displacement of
measuring instruments inside the chambe&gure 3-2 shows the moving support, where the
anemometer and two thermocoupte are installed. The displacement of the support is
automated using S| Programmer, of Applied Motion Products. Finally, all measuring instruments
are connected to a data acquisition system, Agilent 34970. This data acquisition system enables
reaktime readng of all the measured values; the results are then saved in Excel files for further
analysis. The data acquisition system is also connected to theoratol systemwhich enable

to keep track of the rail support displacement inside the chamber.
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Figure 3-2: Motorized rail and anemometer used for measurements inside the jet

3.1.3 Testing conditions

All measurements are performednce steady state conditions are attainedside the room.

Seady stateis 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 seconddpfat a
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 anymaiement (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 outde the jet

Although the main focus of the experimental work is tiespeedand temperature fieldinside

the jet, several additional temperature measurements are performed for further analysd
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eventuallysimulation purpose. The locations of thesdd#ional measurements are summarized
in Table3-1.

The air temperature in the chamber is measured on three columns inside the room, at the
heights 0of0.6 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.

Table3-1: Location of thethermocouples and RTDs

X Y Z X Y Z
(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 ?Tiﬂe wall2 | 077 -1.16 1.60
ermeo
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 ?TF;POS“G wall| 3 56 0.00 0.80
erme
Floor 1.42 0.00 0.00 couples) 3.56 -0.60 1.60
(Thermo 2.1 Ceiling 1.2 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 (SF:?gfs'ja“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
5AF T dzg L.
wall 0.00 0.00 1.08 Stratification | .89 0.00 1.70
(Thermo
(Therme | 000 0.60 0.80 couples) 2.67 0.00 0.60
couples)
0.00 0.60 1.60 2.67 0.00 1.10
Sidewall 1 | 1 20 1.16 0.80 2.67 0.00 1.70
(Thermo
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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 conditiongor potential CFD modal Thermocouples are used to measure the surface
temperature of all walls, at several locations and heights, as showialte3-1. 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 temerature 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 diffiser. Ly (G KS NBYIFIAYAYy3 2F (GKA& @g2NJ] X GKS
GSYLISNI GdzNBé¢ Aa GKS 2yS YSIF&ada2NBR NAIKG 06STF2NB
two thermocouples are placed in the middle of the exhaust gap Tsdxe3-1 for details). The

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

3.2Measurementdocationsin a DV jet for the two diffusers

3.2.1 Diffusesstudied and supply conditien

Thetype of diffuser used in our experiment is the DF1W diffuser from HVAC manufacturer E.H.
Price (E.H. Price, 2006). This diffuser is a standardwealhted DV diffuser, commonly used for
displacement ventilatn. Two sizes of this diffuser are tested in our measurements. First, a
diffuser with0.6 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 charhleer, a
seconddiffuser with outlet size (1.2 m by 0.6 m (height by width)) is tested, in order to study

0KS AyFtdzSyO0S 2F (GKS RATFddzZASNXNRA KSAIKG 2y GKS
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For eachdiffuser, measurements are performed for two supply undemperaturesn ¢ where

the under-temperatureis 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 heidte supply
undertemperatures used (se@able3-2) 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 commgnused 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 approximatebgvenAir Change per Hour.

Table3-2: Testing conditions for experimental work

Supply Temperature
Under
Flow rate temperature temperature atl.lm
[m%/s] p@ oc [°C] from the
n §°Cl floor [°C]
2.4 19.4 21.8
Diffuse 0.6 m x 0.6 m 0.035
5.0 16.9 21.9
2.5 19.4 21.9
Diffuseg 1.2 mx 0.6 m 0.032
55 16.8 22.3

3.22 Measurements in front of the diffuser

The first series of measuremento be performed are measurements in front of the diffuser.
These measurementare useful for correlation purposes, as well fas potential boundary
conditions in CFD simulatisrAlso, e measured valueallow characterzingthe jet leaving the
diffuser,and identifyingpossible noruniformities ofair speedand temperature. Measurements
in front of the diffuser are performedof the three supply conditions (isothermal]ls = 2.4C,
NnTs = 5.0C) by measuring the agpeedand the air temperaturan a plane0.05 m from the

diffuser, alongthe vertical and horizontal @& passing through the centre of the diffuser (see
27



Figure3-3), with a step of 0.05 m. In addition to this, measurements are also performed over
the whole area of the diffuser for an undé&mperature of 5.0°C, with a step of 0.5 m. These
measurements are performed for both sizes of diffuser. Measurements locatioase

schematized irigure3-3 for diffuser DF1W with an outlet size of 0.6 m by 0.6 m.

0.70
* + Measurements
0.60 e x x e x s performed at
all supply
* temperatures
0.50 Coe e
E oo + Measurements
= 0.40 L I I T I I I e performed at
= AT =5.0°C
o .
[ -
0.30 T S
LA R Perforated
area of the
0.20 * diffuser
0.10
-0.30 -0.20 -0.10 0.00 010 020 0.30
distance from the axis [m]

Figure3-3: Schematic view of the as of measurements for the DF1IW 0.6 m x 0.6 m diffuser

3.2.3Measurements in the DV jet for naeothermal supply conditions

Air speedand temperature measurements in the jet for nisothermal supply conditions are
performed in thee perpendicular planes in the room, as showifrigure3-4, to acquire a three

dimensional dataset.
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Plane H

Plane L\
[y

Figure3-4: Measurement planes for notisothermal 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, thepaiedand
temperature are measured at distances from the diffus€0.16 m to 3.16 m, with steps of 0.2

m, and atthe 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 (Sgere3-5).

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 apeedand 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 ax0$0.1 m to 0.9 m, thus with 5 locations spaced at 0.2 m (8

in), on eachisle of the axis, for a total of 90 measurement points (Bepire3-5).

Finally, the aispeedand temperature are measured in Plane H, which is thezdntal 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 fdistances 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

(seeFigure3-5).
A Plane L;
1.2 Measurements
for heights
— , » » , X x e x x x between 0.02 m
£ 08 | and 0.26 m
X X X X X X @® X X X
) .
§ X X X X X X ® X X X ® Plane T.
o 04 Measurements
(D X X X X X X [ ] X X X for helghts
-.'C—v X X X X X X ® X X X between 0.02 m
c 00 1 4 4 4 4 A4 A A A A A A A A A A a and 0.20 m
O X X X X X X [ ] X X X
= X X X X X X ® X X X x Plane H:
Q.04 Measurements
O X X X X X X [ ] X X X
C at a constant
3 x o oxox o xox o x e x x x height of 0.05 m
L .08
_O X X X X X X [ ] X X X
mmm)ffUsEr
-1 .2 T T T T
00 04 08 1.2 16 20 24 28 32 36
distance from the diffuser [m]

Figure3-5: Measurement locations for nofisothermal jet measurements (Top view)

3.3 Additional measuremenfor the 0.6 m x 0.6 m diffuser

An additional series of measurements are perfornoedthe 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 expmental 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 imMmable3-3

Table3-3: Testing conditions for the additional measurements

Supply Temperature
Under

Flow rate temperature temperature atl.lm

[m3s] pg:[o cl [°C] from the

n floor [°C]
1.5 20.6 22.0
2.4 194 21.8
Diffuse 0.6 m x 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 ssictf supply conditions

tested:

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

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

to 0.70 m, with a step of 0.05 m.

In_the vertical longitudinal lane: Then, the air speed and temperature are measured in the

longitudinal plane, for several heights from02 mto 0.10 m and for distances from the
diffuser from 0.66 mto 2.36 m, with a step of W0 m. These measurements enable to
determine the longitidinal profiles of maximum air speed and minimum temperature in the DV

jet. Using the maximurair speedprofile, the length of the primary zone can be determined.

At the transition between the primary and secondary zonBEse extent of the primary zone is

defined as the distance from the diffuser at which the maximum air speed is reached, for each
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set of supply conditions. At this distance from the diffuser, the air speed and temperature are
measured, on the longitudinal axis, for the heights of 0.02 m3 @D 0.04 m, 0.05 m, 0.06 m,
0.08m, 0.10 m, and 0.20 .nAt 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 longitudinbktween 0.1 m and 0.9 m, with a step of 0.2 m,

on both sides of th longitudinal axis.
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CHAPTER 4: EXPERIMENTAL
RESULTS

This chapter presents the results from experimental measuremdntperimental results from
section 4.1have been published (seblagnier et al. 2011, Magnier et al. 201%irst are
presented the results using the diffuser DF1W of size 0.6 m x 0.6 thédwo main supply
conditions. Then, results for the second diffuser size (diffuser DF1W size 1.2 m x 0.6 m) are
presented, and cmpared 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 aispeedand minimal temperature.

4.1 Experimental resultsfor 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 conditionsdaod
temperatures given ifTable4-1. We present first the results of the measurements taken at the
diffuser. Then, we present and discuss the res@ibr each of the three planes investigated in

this study to capture the behaviour of the air jet.

Table4-1: Supply air conditions and thermal stratification for the two experimental cases

PE Supply  flow Supply air Air Air Air

[°C] rate [m/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

Figure4-la andFigure4-1b present the air speednd temperature distributions measured in
front of the diffuser for an undetemperature 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
indicatethe locations where air speeghd temperature are measuredds shown irFigure4-1a,

the air speedfrom the diffuser is not uniform throughout the diffuser area. The gjreed
gradually increases in the lowerl of the diffuser and reaches its maximum at the bottom
corners of the diffuser. The maximuspeedmeasured is 0.48 m/s, which is more than twice
than the averageair speedof 0.18 m/s.Figure4-1b 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. Hietemperature 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.

Figure4-1c to Figure4-1f show, for the two supply conditions studied, tter speedand
temperature distributions measured on the central vertical and horizontal axes.althgpeed
profiles measured for both supply undemperatures are similar. The only significant
difference is the amplitude of thair speedpeaks appearing at the border oféhdiffuser. 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
undertemperatures, within an area of 0.4 m x Om 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 and 0.6 m irFigure4-1d, for the undertemperature of
2.4°C, are due to fluctuations of the supplied air temperatarel 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 speednd temperature distributions at the diffuser seem to be independent of
the supply undetemperature. Additional measurements performed with isothermal supply
conditions lead taair speedprofiles very similar to the ones displayedrigure4-1c andFigure
4-1e, supporting the conclusion that thair speeddistribution at the diffuser outlet is not
significantly influenced by the sply 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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4.1.2 Measurements in the longitudinal vertical plane, Plane L

Airspeed

Figure4-2 shows theair speeddistributions measured in Plane L for the two supply conditions
studied. As mentioned above,ni 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 theair speedincreases due to the action of the buoyancy forces; and the
seconary zone, where the air speatbcreases. These two zones appears clearligigare4-2,
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 thstahce from the diffuserto the point of
maximum air speeds represented as a vertical white lineFigure4-2. This distance is equal to
about 12 m for the undeitemperature 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 fotsesaplain the
higher air speedof 0.42 m/s reached with an undéemperature of 5.0°C compared to the
maximumair speedof 0.36 m/s reached with an undéemperature of 2.4°C. It should finally

be noted that, close to the diffuser, the DV jet is not yetcontact with the floor. The
measurement points below 0.10 m close to the diffuser are therefore not within jet, but under

the jet.

Figure4-3 plots the longitudinalair speedprofiles measured at different heights for the two
supply conditions. This figure highlights the increasaiofspeedin the primary zone, and its
decrease in the secondary zone. The decrease of thickness of the flow in the primary zone (as
noticed in Figure4-2) combned with the increase o&ir speed explainsthat the air speed
profiles at different heights do not reach their maximum value at the same distance from the
diffuser (Figure4-3). In our measurements, the rate air speeddecay in the secondary zone is

somewhat higher for measurements performed with an untemperature of 5.0°C than for
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2.4°C. However, after 2 m from the diffuser the velocities $ightly higher for the case with an

undertemperature of 2.4°C than for the case with an untesmperature of 5.0°C.
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Figure4-4 plots the verticakir speedprofiles measured at different distancé®m the diffuser

in the secondary zone. The vertical profiles measured are consistent with profiles found in
isothermal wall jets (Rajathaml 1976). The air speadeasured at a height of 0.10 m (the
height of ankle in ASHRAE 55 (2004)) was generally found 30% lower than the mamum
speedin the jet at the same distance from the diffuser. The maxinainspeedtypically occurs

at heightsrangingbetween 0.03 m ad 0.05 m. This result is consistent with literature (Skistad,
1994; Nordtest, 2009). The maximumir speed seems to happen slightly lower for
measurements with the highest undéemperature. This difference in height is however very
small and should be cdirmed with a larger range of supply conditioffagure4-4 shows also

that the height of maximahir speeddoes not vary significantly with increagi distance from
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Air temperature

Figure4-5a andFigure4-5b 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 offtber (heights lower

or equal to 0.10 m) is 1.2°C for an undemperature of 2.4°C, and reaches 2.3°C for an under
temperature of 5.0°C. This temperature naniformity, not handled by current temperature
models, is significant and can impact local thatmomfort. Figure4-6 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. Figure4-6 shows that for most of the primary zone, thair 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 theffdiser are under the DV jet andherefore, 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 apparg decrease in temperature-igure4-6 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 temperaturesinot 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.

0.256

0.20

e
—
o

height [m]

e
—
o

0 04 08 1.2 1.6 2 24 28
distance from the diffuser [m]

e
—
o

height [m]

e
—
o

0 04 08 1.2 1.6 2 24 28
distance from the diffuser [m]

Figured5Y ¢SYLISN} G dz2NB RA&GNAOdziA2Yy Ay tflyS [ F2NInpelrnud

41



temperature [°C]
©
o

18.5
18.0
*Z=0.02m +Z=0.04m
175 —2Z=0.08 m —Z=0.10m
17.0
0.0 0.5 1.0 1.5 2.0
a

2.5

distance from the diffuser [m]

+Z=0.06 m
~=Floor surface

3.0

23.5

23.0

225

22.0

21.5

21.0

20.5

20.0

19.5
3.5

210 235
20.5 23.0
20.0 B 225

o

£.195 22.0

ol

3

& 19.0 215

g_ -7=0.02m

£ 185 720.04m 21.0

[

18.0 ~£=0.06m 205
~2=0.08m
17.5 —Z=0.10m 20.0
~Floor surface
17.0 19.5
bo.o 05 1.0 15 2.0 2.5 3.0 35
distance from the diffuser [m]

Figure4-6: Air temperature profiles at different heights (left axis) and floor surface temperature (right axis) in Plane L for

Figure4-7 shows the vertical temperature profiles measured at different distances from the

neruonc/

6Fl0 YR ne¢lfponc/ 0660

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

0.02 m and 0.10 m is generally sm@ddwer 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 tedeyerature 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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4.1.3 Measurements in the transversal vertical plane, Plane T

Figure4-8 shows theair speedand temperature distributions measured in Plane T for the two
supply temperatures studied. For measurements performed with an wbelaperature of
2.4°C Figure4-8a andFigure4-8b), measurements show that, for all heights, the maximaim
speedandthe 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 exampéay; the
speedmeasure at 0.9 m from the longitudinal axis and at heights beldimQare 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 behsgh as 0.5°C. For the second supply
temperature studied, Figure4-8c andFigure4-8d), 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 Wwadally, 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 profilesiofspeedand temperature for
measurement performed at a height of 0.05 m are shawFigure4-9. The trarsversal profiles

of air speedappear to follow a Gaussian distribution. This result is consistent some early
measurements by Isen (1998). The height at which the maximaimspeedoccurs 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

Figure4-10 shows theair speedand temperature distributions measured in Plaidglocated 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 apeedincreases, and the secondary zone, where dire
speeddecreases. The interesting point highlighted byasirements in Plane H is the large ron
uniformity of air speedand 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 fromthe 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.

Figure4-11a shows the transversalir speedprofile measured at different distances from the
diffuser for an undetemperature 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
seconday zone (dashed lines). At 0.96 m from the diffuser, there is a difference of 0.15 m/s
between theair speedmeasured 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, theetiffice is still present

but is reduced to 0.05 m/s.

Figure4-11b shows the transversalir speedprofiles 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 transversahir speedprofiles are similar for the two supply conditions. At 0.96 m
from the diffuser though, the shapes of the lateral profiles arfedent for the two supply
conditions, with the profile for the lowest undeéemperature (2.4°C) being sharper than the
profile for the highest undetemperature (5.0°C). This result tends to confirm that the lateral
expansion of the jet in the primary @e is caused by the buoyancy forces, with faster lateral
expansion for higher undegemperatures. 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 @cussesadditional measurements and psitthe experimental results in

perspective of thermal comfort.

Vortices

Air speedmeasurementsKigure4-3) 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 smokedts 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 locatidre Turbulence Intensity (TI) results are

not discussed in details as the variations of air speed from turbeleae within the
experimental error (0.03 m/s). Nonetheless, it can be noted tlm turbulence ntensties in

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

Particle Image Velocimetry (PIV)

In order to study further lhe air velocity field, somd’lV measurements were performed.

Despite numerous attempts, the quality of the PIV resuléstowever too low to be published
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in this thesis. The main problem encountered weith the seeding,.e. the particles used to
track the jet with PIV. Experiments with soap bubbles were performeat the bubbleswere

found to be toolargeto go through the diffuser grilld.ater, a smoke generator was used for
seeding, but the optimal quantity of smoke to use was extremely difficufirtd, 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

measurementof good qualitycan be performedn displacerent 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 sectidiigure4-12 plots the Draft Rate (DR), calculated

as in ASHRAE 55 (2004), using the local air temperaturep@adand turbulence, for both
supply caditions studied. The DR plotted at each distance from the diffuser corresponds to the
maximum DR from measurements taken in th®.80 m height range. For distances lower than
2m,Figure4-12aK2¢a GKIFIG GKS 5w A& KAIKSNI F2NJ pelpon
buoyancy forces. For distances from the diffuser higher than 2 m though, there is no significant
difference between the DR values obtained for both untianperatures. Measuremas 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 heightodl0 m would underestimate

this draft zone by almost one meter.

Vertical Air Temperature Difference

Figure4-12 also plots the Vertical Air TemperatuDifference (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. Accolidg 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 variation
of air temperature at 0.10 m from the flooFigure4-12 shows that all VATD values are
acceptable (below 3°C) when the undemperature is 2.4°Qegardless of the distance from
diffuser. However, in the case of undemperature 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 resulsuggest 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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Figure4-12: 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 theosel diffuser are similar,
gualitatively speaking, to the distributions found with the first diffuser. The discussion in this
section is then shorter thanhe one inthe previous section. Complete tabulated data for
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measurements with the second dier ae available in appendixThe second part of this
section focuses on comparing the temperature and air speed distributions with the two

diffusers.

Figure4-13: Diffuseur DFIW 1.2m x 0.6 m

4.2.1 Air speed nesurements 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 tberfivhile 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 smallethbaone ofthe first
diffuser studied (1.16r1.36 m).
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Figure4-14: Air speed distribution in the vertical longitudinal plane for an undégmperature of 2.5°C (diffuser 1.2 m x 0.6 m)
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Figure4-15: Air speed distribution in the vertical longitudinal plane for an undéemperature 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 therf
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Figure4-16 and Figure4-17 shows the eémperature 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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Figure4-16: Temperature distribution in the horizontal plane at a height of 0.05 m for an undemperature of 2.5°C (diffuser
1.2mx0.6 m)
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4.2.3 Comparison of the two diffusers tested

In this thesis, two wall diffusers designed for displacement ventitetvere studied: a diffuser
DF1W of size 0.6 m x 0.6 m (HxW), and a diffuser DF1W of size 1.2 m x 0.6 m (HxW).
Measurements were performed for both diffusers under similar supply conditidablé4-2).
Thevariationsin temperature and air speed profiles in the experimental data are therefore due

to the change of height of the diffuser and the spediicspeedprofile at the diffuser exit.
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Table4-2: Supply conditions for experimental worfor the two diffusers

Under Supply Temperature
Flowrate
temperature | temperature | at a height
[m%/s]
n ¢[°Cj [°C] of 1.1 m[°C]
2.4 194 21.8
Diffuseg 0.6 m x 0.6 m 0.035
5.0 16.9 21.9
2.5 194 21.9
Diffuser 1.2 m x 0.6 m 0.032
55 16.8 22.3

Figure4-18 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

undertemperature, the maximum air speed reached in the jet is smaller folahgest diffuser

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

longer diffuser.Figure4-18 also shows tht 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 andto a lower extenfwith increasing supply undgéemperature.
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Figure4-18: Maximum air speed profiles in the vertical longitudih plane for the two diffusergested

Figure4-19 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
undertemperature, 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. Mareentrainment is also

consistent with the lower aispeednoted inFigure4-18.
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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 diffuseand supply conditiositested, using a longer diffuser is
better in terms of locathermal 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 Heaankle 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 condiistudied, 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 mreasents described isection 3.3
focusing on the effect of different supply undesmperature on the DV jet and on the
characteristics of the jet at the end of the primary zone. All the experimental data isatizilul

and available in Appendix

4.3.1 Measurements at 0.05 mfront of the diffuser

Figure4-20 shows the air speed measured at 0.05 m in front of the diffuser on a vertical axis
passing through the center of thdiffuser, for the five supply conditions studied. The vertical
profile of air speed irFigure4-20 display the same charactstics as discussed ind&m®mn 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 undemperature, even fo the relatively low

flow rate used in the measurements (0.035/g).
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Figure4-20: Vertical profiles of air speed at 0.05 m in front of the diffuser for the five supply temperatures studied

Figure4-21 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 Rigure4-22 shows that the profile

of normalized temperature in front of the diffuser is msignificantly affected by the supply
undertemperature for the supply conditions tested. The greater discrepancies appear for low
supply undestemperature; these discrepancies are however explained by the experimental

measurements error (0.5°C), whichdmmes significant once normalized.
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Figure4-21 : Vertical profiles of air temperature at 0.05 m in front of the diffuser for the five supply temperatures studied

Figure4-22: Vertical profiles of normalized air temperature at 0.05 m in front of the diffuser for the five supply temperatures

studied

59

height [m]

0.80

0.70 -x

©
o)}
o

o
ur
o

©
~
o

o
w
=

0.20

0.10

0.00
0.00

AR

X AT=1.5°C

A AT=2.4°C

+ AT=3.7°C

e AT=5.0°C

m AT=6.3°C
e diffuser
X A

0.20

AX

0.40

+ m e
n e

0.60

E+ A
| & o
n &
Ko+ A
H o+ x

R
as
AR e i

0.80 1.00

normalized air temperature

X

1.20




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 flerate tested. As te flow rate used in our
measurements was relatively low (0.035/8), it is reasonable to assume thdor 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

Figure4-23 shows the profiles of maximum air speed in the vertical longitudinal plane for the
supply undettemperatures tested. The general shape of the air speed prafigmilar to the

one described in sectiod.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 differentrf@ach supply conditions tested, and generally
increases with increasing undeemperature. This is explained by the higher buoyancy forces

acting on the jet at higher supply undegmperatures.
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Figure 4-24 shows the profiles of minimum temperature in thvertical longitudinal plane for
the supply undettemperatures tested. The general shape of the air temperature profile is
similar tothe one described in section 4.Wwith the temperature increasing as the distance
from the diffuser increases. The exterfttbe increase is different for each supply temperature,

with the air temperature rising significantly for an undemperature of 6.3°C and the

Figure4-23: Longitudinal profiles of maximal air speed for the five supply temperatures studied

temperaturebeingalmost constant for the undetemperature of 1.5°C.
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Figure4-24: 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 sagply
conditions are summarized iffable 4-3. The length of the primary zone decreases with
increasing undestemperature This result is consistent thi previous results in the literature
(Etheridge and Sandberg, 1998 he 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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Table4-3: Length of primary zon@&nd height of maximum air speed at the end of the primary zdioe various supply under

temperatures
Under Estimated length Height of
Flow rate : : .
(me/s] temperature of the primary maximum air
n ¢[°C] zone [m] speed [m]
15 1.46 0.05
2.4 1.36 0.04
Diffuseur 0.6 0.035 37 1.26 0.04
mx 0.6 m
5.0 1.16 0.04
6.3 1.06 0.03

Figure4-25 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 zonethe vertical profile of air speed seems to follow tblassical waljet profile.

The height of maximunair speedis slightly different for each supply undegmperature
studied. This thickness generally decreases as the supply ti@chgrerature increasg. This is

most likely due to the stronger buoyancy forces for higher supply ubtel@peratures.
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Figure4-25: Vertical profiles of air speed at the end of primary zone for the five supply temperatiseslied

Figure4-26 and Figure4-27 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.Figure4-26 shows that the spreading of the jet in terms of air speed is mostly
similar for the different supply undelemperature. This could indicate that the transversal
profile of air speed is primarily influence by the diffuser characteristics. As for air temperature,
Figure4-27 shows that the air temperature profile imore uniform for lowersupply under

temperatures.
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Figure4-26: 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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supply temperatures studied
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4.4 Summary

This chager presented the experimentalesults 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 ureemperatures. The

conclusions of these measurememtan be summarized as follows:

Regarding the variation of air speed in the DV jet:

0 Measurements confirm the clear separation of the jet between a primary zone and a
secondary zone
0 The air speed varies significantly with the distance from the diffuseraésalvaries 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 poais 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.

66



0 Some vortices seem to appear under the diffuser studied. Proper representation of

these vorticesmight be important in Computational Fluids Dynamics (CFD) nmaptsi a
DV jet.

Regarding the transition between the primary zone and the secondary zone:

0 The transition between the primary zone and the secondary zone occurs at different
distances form thealiffuser 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 eacplysup

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 variatdmair speed and

temperature in the DV jet.
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CHAPERS: DATAANALYSIS
AND CORRELATIONS

This chapter presents the analysis of the experimental data andnibdels developed. Afterra
analysis usingxisting models in the literature (section 5.1), a new correlabased model is
presented for the air speed decay anDV jet. This model is elaborated a twastep process,
first studying the primary zongsection 5.2) then focusing on the secondary zo(®3) In the
second part of this chapter, the aspeedin the jet is studied according to its variation in the
vertical and transversal plase(section 5.5 and 5.7). A deep study of tregiation of the jet
thicknessis also proposed (section 5.Gjinally, the variations of air temperature in the jet are

studied(section 5.8)

5.1 Analysis of existinghodels for ar speed decay ina DV jet

Several models exist in the literature to represent thespieed decay in a DV jet. This section

discusses these models and how they perform with the experimental data.

~ A

bASfasSyQa Y2RSft

bAStasSyQa Y2RSft 6 b Attgefai Spéed deecap dusing a NilyleINB r@l&ighl &
parameter Ky, as described ifEquation2-2. In this section, this model was applied with the
maximum airspeed 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. @ee Chapter 4, section.3Jable 51
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shows the coefficient of determination?Rcomputed to minimize the sum ofgsared error
between the measured and correlated air speetiable5-1 summarizes the results for each

supply condition tested.

Table5-1: Ky coefficient for various supply undetemperatures

Under Ky R
temperature

n ¢[°C]
15 7.1 0.67
24 6.8 0.77
37 6.7 0.83
50 6.8 0.93
6.3 6.7 0.76

The K constans havevalues between 6.7 and 7.1 for the test conditiomable5-1 shows that

the accuracy of N St a Sy Qa Y2 RSt A with B Sau&sNigHertranging fo®BX | 60 £ S
to 0.93 The accuracygets lower as the undetemperature decreases. The literature mentions

that the correlation coefficients are dependent on supply conditions. In this study, the
coefficients however seem mostly indepesrd of the supply undetemperature. Figure5-1

shows the experimental data for the undegmperature of 2.4°C, as well as the correlation from
NielsefRd Y2 RSt ® ¢ KA & TAIdzNE diffic@itiéscapiuriag the ab 4p€ed 4 Sy Qa
decay as the distance from the diffuser increastse same effect is observed for the other

supplytemperaturestested.
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Figure5-1: Measured and correlated air speed decay for an undemperature of 2.4°C

Nordtest model

A more recent model for the air speed decay in a DV jet is the model mentioned in Nordtest VVS
083 (Nordtest, 2009). This model uses threerelation coefficients, as described Equation

5-1. The patrticularity of this model is that the coefficients are independent of supply conditions.

where;:
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1 V(X) is the maximunair speedat a distance X from the diffuser from the
longitudinal axis [m/s];

Aryis the Archimedes number as defined in Nordtest (2009) [

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

Lis the horizontal perimeter of the diffuser [m], and,

= =/ =4 =2

ki ko and lg are experimentally determined coefficients.

For this analysjsthe air speeddata on the longitudinal axigor the five supply conditions on
diffuser DF1IW (0.6 m x 0.6 m) were combin&juation5-1 was then applied, with the
correlation coefficientslq, ko, ks) found through an iterative process to maximize the coefficient
of determiration R. The final equation including the optimal correlation ffa@ents is

displayedin Equation5-2.

@ ™V Equation5-2
s oy e uationo-
AXN) pt&)il)lmuibi)ﬁ a

The Nordtest model performs very well with our experimental data, withogerallcoefficient

R of 0.91 The agreement between measured and correlated data is good, as shoigure

5-2. However this model uses 3 differ¢ correlation coefficients, which makes it quite complex
Also,the physical meaning of thosmrrelationcoefficientsis unclearFor instance, in this sa,

the air speed in the jet is inversely correlated with the Archimedes term (expcee3t), which

seems opposite to the physical sense. An increased Archimedes number means increased
buoyancy forces, which should increase the air spet@ exponent shuld 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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Figure5-2: Measured versus correlated air speed for the Noedt model for the five supply conditions tested

Conclusion

As a conclusion of this section, the models available in the literatures@ameewhatlimited in
correlating the air speed decayy | 5+ 2 Boddis simplef but&s/a@curacy is
sometimes low and the coefficients argenerallydependenton a specificase. The Nordtest
model is a significant improvement as it is applicable for several supply conditions
simultaneously, but this model relies on 3 different correlation parametarsich maks it
complex to user to interpretthe physical meaning of those coefficient& further limitation of
existing moded is that they focus only on the secondary zone of the DVTje¢ primary and

secondary zones of a DV jet drewevertwo very different physical phenomena, which deserve
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each a specific analysiB order to study theair speeddistribution in a DV jet, the author
therefore proposes a new methodology, separating tealysisof the DV jet into its two

distinct zones, tdollow the physical phenomenon of thet.

5.2 Determination of the maximahir speedat the end of the primary zone

In the analysigperformed inthis section only the terminal maximunair speedat the end of the
primary zone is studied. Determining tlpeecise variations of velocity in the primary zone is
indeed of little value for designers, as no occupants should be placed in thigzamethat he

high air speeds and low temperatures in this zone are generally deemed unsuitable for comfort
(Skistadet al. 2002). The maximurair speedat the end of the primary zondjowever is
important both in terms of comfort and in the analysis of the secondary zone. In this section,
the analysis focles on the terminal maximahir speed neglecting voluntarily thanalysis 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 meido account forair entrainment, and

3) the validation of the mathematical model using experimental data.

5.2.1 Determination of the maximalir speedn a DV jet withoutir entrainment

In order to determine the maximalir speedat 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 zoneHRigure5-3). Starting the analysis at 0.05 m from the diffuser ensures that

the specifiair speeddistribution from the diffuser is taken into account
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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 zoiethis thesis, the potential energy will refer

to the apparent potential energy, caused by the buoyancy &scacting on the jetSince 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 imnalyzing the jet, as pointed out by Sandberg and
Blomqvist (1989). The conservation of energy in the primary zone can therefore be written as

follows:
*t 8 %Dg + %D Equation5-3

Where:
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1 Koosis the rate of kinetic energy flowing through the control surface at 0.05 m from the

diffuser [kg.n¥/s?;

1 Epuosis the rate of potential energy flowing through the control surface at 0.05 m from

the diffuser [kg.n/s’;

1 Kepzis the rate of kinetic energy flowing through the control surface at the end of the

primary zone [kg.rfis®], and;

1 Epepzs the rate of potential energy flowing through the control surface at the end of the

primary zone [kg.rfis°].

Kinetic and potential ezrgies 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 showguation5-4 and Equation5-5. All the

variables in this equation can be measured and finally tabulated in the mamizfdd NI &

catalogue.
P Equation5-4
00"y Yg O Equation5-5
%‘Dg M3 y 0w 8 O IV
Where:
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1 VWoos 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];
1 Y isthe distance from the longitudinal axis [m];
91 Zis the height from the floofm];
T gis the acceleration of gravity [k

1 Twomis the room temperature, taken as the temperature measured in the middle of the

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

1 Toosis the air temperature in the jet at 0.05 m from the diffuser at a distance Y fhem

longitudinal axis and at a height Z [K].

Rearranging the equations, and introducing the variablggs wavg and & Zkds wavg Equation

5-4 and Equation5-5 can be rewritten ag£quation5-6 and Equation5-7. 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 a#aons in air densityare

negligible.
P~ : ion5-
+ g - g g Equation5-6
%Dg a g Moby Equation5-7

Where:

& g isthe mass flow rate in the DV jet at 0.05 m from the diffusel/§in
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1 Voos Wa\,gz is a weighted average of the squaa@ speedat 0.05 m from the diffuser

[m?s?], calculated as g —5—2 wg O M dand;
8

1 Ep.os wavg iS @ weighted average of the potential energy per kg/s at 0.05 m from the

diffuser [nf/s?], calculated as "Qd g ——2 2 8

5, awo

wg O XK

Kinetic and potential energies of tl®/ 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 ofhe primary zone, the air speed in the jet follows a weltlike vertical
profile (Equation5-9) and a Gaussian transversal profileg@ation 5-10). This result is in
agreement withprevious research (Skistad et al. 2002). The air speed at the end of the primary

zone can then be written as:

T S ¢ O U -
ww o Q(] DQ&) 0| ﬁb\mw A1 &) Equation5-8

Where thewall-jet profile functionf is defined as (Rajaratnam, 1976):

W W N [#8) Equation5-9
Q]— pa LIDj— op AOm® @1—

And where the Gaussian transversal profile funcgoisdefined as:

N A @D 7(*) Equation5-10
w w
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UsingEquation5-8, the kinetic energy at the end of theimary zone Equation5-11) can be
computed.Equation5-11is rearranged and numerically integrated as showBRuation5-12 to
Equation5-19. The kinetic energy at the end of the primary zone, assuming no entrainment, can

then be expressed a@squation5-20.

Equation5-11

0 T 806

& N Equation5-12

0 "0 DM
” & ) Equation5-13

0 —D0 [ 2Q— Q= 100X 0¥ A
4 1 w
0 S aw J an Equation5-14
C
5 9 ) - (N ® . W
1 @ = @

In order to simplifyfEquation5-14, we need to introduce the mass flemate (Equation5-15).
After rearrangementEquation5-16) and numerical integratiorEquation5-15leads toEquation

5-17.
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” 9] ) 2Q ; Q = N ®
e 1 2 P
9] "Q— 0Q = 100 xN=
1 W ] W
a pE YT I 2 W
Rearrangindgquation5-14 with help ofEquation5-17, we get:
L:Zé( aw 9] Q X
COp® Y T o ®
@ @
e

Numerical integrations lead to:
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Equation5-15

Equation5-16

Equation5-17

Equation5-18

Equation5-19

Equation5-20



The potential energy in the jet at the end of the primary zoiguation5-21) can also be
computed using=quation5-8. Equation5-21is rearranged and numerically integrated as shown
in Equation5-22 to Equation5-25. After numericalintegration and rearranging, the potential

energy at the end of the primary zone can be expressdficagmtion5-26.

Equation5-21

on €2 Ale’ S OXe

O n " OGe Equation5-22

) W OQ(]— JQ z 01\ ]0 0N ) OX )

O ﬂ j¢:2) Jo J :1:) Equation5-23
() (%) ()
0] Q+— XN+—0 Q 2 00
W ® 1 3 1
UsingEquation5-17, we get:

P D) ) Equation5-24

Or — 0] 0] Q+— N+—
L pd Y Tt @D w ()
5 - W (%) - @
1 3 i

Numerical calculations lead to:
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, p , ; Equation5-25
on —parw%)&}(pmq)m 10)€:%))

on ™ T QX 0)€:2)) Equation5-26

Maximum air speeat the end of the primary zone assuming no entrainment

Replacingequation5-6, Equation5-7, Equation5-20 and Equation5-26, into Equation5-3, the
conservation of energy in the primary zone of a DV jet, assuming no mmiait, can be
expressed as:
00— wn, gee
‘DY “Yg

a Om8 ¢ @ ™ T » ~ )

RearrangingEquation 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 diffuseadtition, since it is
assumed there is no entrainment, the mass flate at the end of the primary zond is

the same as the mass flomte at 0.05 m form the diffusef g . The maximum air speed at

the end of the primary for a DV jet without e@ainment can then be expressed as:

w | Equation
5-28
: s 07y Vg
J wg ¢O0ng e ~ J
Where:
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5.2.2 Correction for the entrainment of room air

In the previoussection, a formulation for the maximum air speed in the jet at the end of the
primary is developed assuming no entnanent of room air in the DV jet. Meanwhile,
measurements performed by the author show that a paeygligible quantity of indoor air is
entrained in the DV jet (see Chapter Eguation5-28 therefore needs to be corrected in order

to take into account this entrained aiFigure5-4).

Original DMet Entrained indoor air

Complete jet

<> 0.05 m from the diffuser

<

v

PRIMARY ZONE

Figure5-4: DV jet assuming entrainment

Conservation of momentum in thet

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 motoen from the jet without

entrainment and of the momentum of the entrained altquation5-29).
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D€ a D€a D€ a Equation

5-29
Where:
T 0D€a is the momentum flowrate in the jet with entrainment
[kg.m/s7;
T 0¢a is the momentumflowrate in the jet without entrainment

[kg.m/s%, and;
T 0¢a is the momentunflowrate of the entrained air [kg.mA.

Outside of the DV jet, the room as mostly still, with air speeds in the order of G:0D5 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 redudsglidion
5-30.

LEQ LeEQ Equation

5-30

Calculation of the momentum terms

The momentum terms ifEquation5-30 can becalculatedby using the vertical and transversal
air speed profils at the end of the primary zon&quation5-8). The momentum term without
entrainment is given as an exampl&qguation 5-31). After rearrangement and numerical
integrations Equation5-32to Equation5-35), the momentum term can be reduced Exuation
5-36. Similarly, the momentum term including entrainment can be reduce&doation5-37.
The momentum terms are then written as a function of the mass flate times the maximal

air speed.
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UsingEquation5-17, we get:
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UVE X Equation5-35

o 8 1\
P YTt
(@) W
o) Q—— Q-—  N—
1 W 1

o

N+
()
After numerical integration, we get:
0Ea Equation

e ¢ g 0 5-36

Similarly, for the momentum with entrainment, we get:

LE a g Y g o Equation
5-37

UsingEquation5-36, Equation5-37 and Equation5-30, the maximumair speedat the end of
the primary zone in the comple DV jet (including air entrainment) can be written as the
maximalair speedn the DV jet calculated without entrainment multiplied by the ratio of the jet

initial mass flowrate divided by the jet total mass flovate at the end of the primary zone.

W [ Jw Equation
5-38

Where:
T+ A& RSTAYSR I a (KS -rhdi 005 nfo® the dffSsgr atidkhs
mass flowrate at the end of the primary—=2—), (1-* 0 NBLINBa Sy i a

of room air in the DV jet in the primary zong [
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Final equation for the maximumir speedat the end of the primary zone of a DV jet

CombiningEquation5-38 and Equation5-28, the maximalair speedat the end of the primary

zone of a DV jet can be expressedeggiations-39.

0 1D 0,08 CO%Ds | 33 8 3 Equation
5-39
e Sl ) )
| |
factor initial initial remaining potential
accounting  kinetic potential energy at the end of
for energy energy the primary zone
entrained
room air

Equation5-39 is composed ofour 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 termsinside the square root representing respectivelye 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 remainingtlie jet at the end of the
primary zone.lt should also be noted that the two initial energy terms take into account the
height, width and specific face velocity distribution of the diffuséhese factors can be

measured and catalogued by manufacturerslgmovided to engineers or building operators.

5.2.3 Validation with experimental data

Validation of the theoretical model is performed using the measurements dieduasSection 4

of Chapterd. 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 undemperatures, at a given flowate (see

Table5-2).
Table5-2: Experimental conditions for the validation data
Supply ;Iowrate 0035
[m?/s]
Under—teomperature 15 54 37 5 6.3
[°C]
Supply air 206 | 194 | 188 | 169 | 154
temperature [°C]
Room air temperature
at1.1 m [°C] 22.0 21.8 22.5 21.9 21.7

Identification of variables used Eguation5-39

Five variables need to be determined ¢émable the use of Equation5-39. These variableare

calculated based on the experimental data and are reportedTable 5-3. The following

conclusions can be made regarding these parameters for the diffuser and experimental

conditions studied:
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1 The parameters ys wavq, Ef.os wavg @Nd .05 wavs are sensitive to the specific face velocity profile

from the diffuser. Tiese 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 undéemperature studied for the diffuser tested. Therefore,eth
parameter \os wave iS also relatively unchanged for the undemperatures and the diffuser

studied. An average value can therefore be used in calculations.
CKS GKAOlYySaa 2F GKS 28Slucehsyivarigskvin thd gugplyi@- G K S
temperature. This variation is however relatively small (between 0.14 m and 0.18 m for the

range of undettemperature studied). An average thickness value can therefore be used in
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calculation.

T CAylLttex

0KS

LI N} YS G SNI ¢ oonlald e hzydnsidgrad aF raostly G K S

constant for the range of undéemperature studied. An average value can therefore be used in

calculations.
Table5-3: Parameters oEquation5-39 from measurements
Under- Ep
temperatu re VO.OS Wan2 005 T0.05 wavg 1 jet EPZ Q

[oC] wavg
15 0.054 0.008 20.7 0.18 0.68
24 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 (it | 55g N.A. N.A. 0.15 0.68

relevant)

Comparison with experimental data

UsingEquation5-39 and the parameters fronfable5-3, the maximumair speedn the DV jet at
the end ofthe primary zone can be evaluated for each supply condition studied. Results are
shown inTable5-4, with calculations made first using the parameteadculated for each supply

undertemperature and then using averaged parameters. The maximum air speed from

experiments is also shown for comparison.
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Table5-4: Estimated and measured maximum velocities

Undertemperature [°C] 15 2.4 3.7 ‘ 5.0 ‘ 6.3
Measured maximum air spee( 0.32 0.36 0.37 0.42 0.41
[m/s]

Maximum air speed

calculated using  specifi 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 average| 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

Table5-4 shows that the model predicts the maximair speedwith good accuracy in both
cases. Using averaged values actually improves the prediction and givestbatese lower

than the measuremet uncertainty (0.03 m/s). This is probably due to the fact that using
averaged values lowers the impact of individual measurements errors. Since the errors are
lower than the measurement uncertainty, the model can be considered as validated for the set

of experimental data of this study.

5.3 Normalization and correlation for the air speed in the secondary zone

In addition to maximalair speedat the end of the primary zone, the wholair speed
distribution is required to design a DV system. This secbondes on the study of theariation
of maximalair speed with the distance from the diffusém the secondary zonef 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 tlte=condary zone

In order to analyze thair speedprofile in the secondary zone, data frothis studyand from

other available DV measurements are analyzed. The details and sources for the experimental
data used are summarized ifable5-5. This figure is not limited to the secondary zone; it
includes also the primary zon&he analysis is based on the study of a total omBEXimum air
speedprofiles inthe secondary zone of a DV jet, fraavendifferent diffusers. Theprofiles or

maximum air speedf the different DV jets are plotted iRigure5-5.

Table5-5: Experimental data used for normalization

Supply | Supply under
Case .
Diffuser flow rate | temperature Reference
number 3 0

[m?/s] [°C]
1 0.035 15
2 Flat waltmounted diffuser| 0.035 2.4
3 of size 0.6m x 0.6m (H x 0.035 3.7
4 ) 0.035 5.0 Magnier et al. 2012
5 0.035 6.3
6 Flat waltlmounted diffuser| 0.032 2.5
7 of size 1.2m x 0.6m (H X 0.032 56

W)
g | Radaldiffuserof diamete ) 57 4.4 Schild et al. 2003
0.25m
Flat wall diffuser o$ize of
9 perforated area of 0.159, 0.026 6.0
2
m ,
10 Flat wallmounted 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 0.18¢ 0.029 6.0
2
m
Flat waltmounted diffuser Not given in
13 of perforated area of 0.028 the original
0.437 nf studly.
0.45 —Case 1 -e Case 2
| P SN ——Case 3 —+Case 4
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distance from the diffuser [m]

Figure5-5: Maximum air speed profiles in experimental data (not normalized)

5.3.2 Normalization ohir speedn the secondary zone

Figure5-5 shows that the air speed profiles from the various diffusers and supply conditions are

very different, with different amplitudes and diffent air speeddecay in each casd-or

instance, in Case 4, the maximum speed is about 0.42 m/s at the end of primary zone (1.2 m).
Figure55 shows a2 GKS Sy R 2F LINAYFINEB T2yS 6KAOK @I N
supplying conditionsThis wide variety of trendglustrates clearly thalifficulty in creaing a
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general correlation for the air speed profile in a DV jet. In order to better anahg®V 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 jetresctual new zone, from which the jet

can be analyzed independently of the jet behaviortine 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-irgtialization of the distance from the beginning of the
secondary zone. The normalization air speed model can therefore be describeéguasion

5-40:

I %) Equation5-40

where:
 Veehd GKS y2NXIFEATSR FANI aLISSR |G I, RAadl yoS
T WwAia GKS YIEAYdzY AN aLISSR 4G I RAaGlHyOS v
1 Vepds the maximum air speed reached at the end of the primary zone [m/s] and;
f v Aa GKS RAAGFYOS FTNRBY (KS SyRLpwherdXi6S LINR Y

the distance from the diffuser [m] ankbzis the length of the primary zone [m].

5.3.3 Graphical representation of the normalization model

Theair speedprofiles fromFigure5-5 are normalized usingquation5-40 and the normalized
air speedprofiles are plotted inFigure5-6. Figure5-7 shows that, after normalization, thair
speedprofiles from all sources display a rather similar pattern, both in terms of amplitude and

decay. The proposedonmalization 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.
1.20
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Figure5-6: Normalized maxiram air speed from experimental data

5.3.4 Regression for the normalized air speed profile

Based on the normalized air speeds shownHigure 5-6, a correlatiorbased modelis
developed for the longitudinal profile of normalized air speed in the secondary zone of a DV jet
(Equation 543 andFigure5-7 ). The coefficient of determinationRs 0.94, showing a good
correlation between theresults of regression modglEquation 543) and the normalized
experimental data. Therefor&squation5-41 accurately describes the decay of normalized air

speed in the secondary zone for all the diffusand supply conditions tested.
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where:

# Equation5-41
p PRI

1 Vscis the normalized air speed in the secondary zeheahd;

1

v A& (0KS RAAUGlIYOS FTNRY GKS SyR 27
1.2
» Data from measurements
(all cases)
1.0 **sz,gf
3 ¢ ogxé\g — -Proposed model
08 RIS
8 o g\o\o o o
(0] o ° N,
8’ ° N o
= 0.6 - e ® 0\22\;00 Viorm = 1/(1+1.5 x 2)05
© Co TR0, R2=0.94
o o ° °\"§ °s 0 °
Qo4 St AN, &
'C—G o & % .\%}- , o o
g \o K3 \oi - °
o 0.2 -
c
0.0 I T I I I I T T
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

distance from the primary zone ¢ [m]

Figure5-7: Normalized maximum velocities and proposed correlatibased model

5.3.5 Conclusion and discussion

iKS

LINRA Y I

Combiningequation5-40 and Equation5-41, the maximum air speed in the secondary zone can

be expressed as:
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Equation5-42

where:

T Vm(X)is the maximum air speed at a distance X from the diffuser [m/s];

1 Vep4s the maximum air speed reached at the end of the primary zone [m/s];

1 Xis the distance from the diffuser [m] and,;

1 Lezis the length of the primary zone [m].

This equation has been found valid for all the diffes@nd supply conditions tested. Thanks to
the new approach considering the secondary zone as an entirely new zone, the author
developed a normalization model plicable 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 notedsthat
the distance fromthe diffuser increases, the regression equatidfq@ation5-41) becomes
similar to the classicalir speeddecay equation in a DV jet (i.e. inverselpportional to the
distance from the diffuser (Nielsen, 1994)). This equation is therefore still in agreement with

previous studies on the nenormalizedair speeddecay in the secondary zone of a DV jet.
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5.4 Combination of the primary zone and secongazone 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 Equation5-39) with the normalized air speed profile in the secondary zone
(Equation5-41),the maximumair speedin a DV jet at ay distance from the diffuser in the
secondary zone can be expressed as :
(RN
p pd®O8 ,

Equation

0D Y Yo ) s

©

O wg GO Ong |

5.4.2 Validation of the maximumir speedprofile equation

Equation5-43 is tested against the dz{i Kexpgéddienal data for the diffuser of size 0.6 m x 0.6
m for the five supply conditions previously mentioned (SEble5-2 in section 4.1.4). The
maximum air sped in the jet is calculated and compared with the measurements in the
secondary zone. The parameters used in calculation are summariZedbleb-6. The air speeds

measured and calculated usikgjuation5-43 are plotted onFigure5-8.
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Table5-6: Parameters used iEquation5-43

Under-
temperature [C] 1.5 ‘ 2.4 ‘ 3.7 ‘ 5 ‘ 6.3
Vo.05 wavg 0.058
L jet EPZ 0.15
Q 0.68
[90.05Q Qdva & 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
— 0.40 -
L&
£
@ 0.30
o 7Y
o
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'©
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O
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measured air speed [m/s]

Figure5-8: Measured and correlated maximum air speed in the secondary zone for the five supply conditions studied
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Figure5-8 shows that the agreement between the measured and correlated daizgeig

good, with a coefficient of determination’metween 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 {@.@2 m/s). In
addition, the error between prdicted and measured air speeds is lower than the
experimental error except for a few locations. The complete model for the maximum

speedin 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 maatrmal
speedthroughout the secondary zone. This model is based mostly on parantét&rsan 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 varioysortant parameters such

as the supply undetemperature, 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, thedel could be used to study the impact of supply
conditions on the maximum aair speedprofile. Knowing the profile of maximumir speedin

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 floates ¢ should be used to further
validate the model to determine the maximuair speedn the primary zone. A limitain 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 haveb® 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 topredict 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 hansheed

models for DV jets in the litature only study the maximunair speedin 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 maximumir speed depending on the jet thickness.nAaccurate
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 \&ions 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 siglef the longitudinal axis), for two flat wall
mounted DV diffusers, with two supply undemperature tested for ach (Table5-7). 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, 0.06,1®.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 shoviaiguare5-9.

Table5-7: Diffuser and supply conditions in experimental data

. Supply flow rate Supply under
Diffuser
[m3/s] temperature [°C]
Flatwall-mounted diffuser of size 0.035 2.4
0.6m x 0.6m (H x W) 0.035 5.0
Flat waltmounted diffuser of siz¢ 0.032 2.5
1.2m x 0.6m (H x W) 0.032 55
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Figure5-9 shows that a general pattern appesan the vertical profile of air speed. lorder to

study these profiles, two normalizations have to be performed:

1 an air speed normalizatiorEQuation5-44 ), 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:

. W Whioho Equation
[ A @ ohiohw 5-44
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1 a height normalizationEquation5-45 ), 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, commiyrused in the literature (Rajaratnam, 1976), dne basisof next
analysis. Figure 5-10 shows the same profileof Figure 5-9 after performing the two

normalizations. Thisigure shows that a consistent vertical profile emerges. The next sub
sections are aimed at characterizing this profile.
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Figure5-10: Normalized vertical profiles in the secondary zone

55.2 Walljet vertical profile

The vertical profile of air speed in a DV jet is generally described in the literature to follow the
universal wakjet profile shown inEquation5-46 (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

speedprofile from experimental data.

O- p& s 8 Op AOE s 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 & Aa GKS y2NMidf AT SR KSAIKI

o erfis the error function.

Equation5-46 is compared with the normalized experimental daka.order to be able to apply
Equation5-46though,2 Yy S Kl & FANRGO G2 RSOGSNIXAYS & S | LILIN
SIFOK f20FGA2Yy® LY Wk éomputiediiit @ach |oc&tibn tainkmmixd theS a & «
sum of square errors between the profile of normaliz#d speed(Viormz) and the theoretical

profleFd ¢ KS N&a@r dathiocaftiGh are summarized Table5-8. Table5-8 also includes

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

location.
Table5-8: R and air thiknesses for the verticair speedprofiles

Diffuser 1, 35 Diffuser 1, 35| Diffuser 2, 32| Diffuser 2, 32

L/s,nT=2.4°C | L/s,nT=5.0°C L/s,nT=2.5°C L/s,nT=5.5°C
Distance Distance
from  the from the | o Ly R Lxy R Ly R Ly
diffuser [m] diffuser [m] [m] [m] [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=0.9m
Y=0.7m
Y=0.5m
Y=0.3m
Y=0.1m
Y= 0.1m
Y= 0.3m
Y= 0.5m
Y= 0.7m
Y= 09m

X=2.16 m

0.91
0.96
0.99
0.98
0.99
0.97
0.98
0.99
0.96
0.75

0.169
0.162
0.140
0.139
0.140
0.149
0.144
0.153
0.144
0.177

0.98
0.98
0.99
0.97
0.98
0.97
0.99
0.99
0.96
0.95

0.156
0.137
0.133
0.127
0.128
0.141
0.139
0.132
0.133
0.158

0.99
0.97
0.97
0.95
0.97
0.97
0.99
0.96
0.94
0.93

0.201
0.160
0.156
0.148
0.137
0.125
0.139
0.153
0.140
0.153

0.94
0.95
0.98
0.95
0.92
0.97
0.94
0.97
0.93
0.91

0.224
0.168
0.160
0.161
0.181
0.176
0.171
0.154
0.203
0.235

Table5-8 shows that, once the appropriatexyis found,the walkjet profile fits well with the
measured data in the secondary zone, withvtlues higher than 0.90 in almost all cases. This
conclusion is in agreement withrevious analysis of DV jets in the literature (Nielsen 1994,
Skistad et al. 2002 Close to the diffuser, in the primary zone, the watl profile does not
appear appropriate. This result is probably due to the fact thitse 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 dacussed in the

literature. In this study, the wajkt profile is also found applicable for the profiles in the

transversal plane, with® values higher than 0.90 in almost all casBgyure5-11 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
Equation5-46 is also shown in this figuré&igure5-11 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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Figure5-11: Comparison between the normalized air speed profiles in the sedamy 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 del@ped in this section. The proposed profile keeps the same

form as the classical wall jet profile (s&guation5-470 06 dzi (0 KS ; GBSiF e OA Sy (i
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 exdhbdipgmary

zone, i.e measurements taken in the secondary zooeswo 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 distandeom the longitudinal axis (Y), in the secondary zone a of a DV jet.
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O- T O3 Jp AQAED Equation
5-47

where:

(@]

Gis the proposed vertical pfibe for normalized air speeith a DV jet, {;
o ' is the normalized dimensionless height [
o erfis the error function, and;

o J,Z,,land ;are constant to be determined][

¢ KS 02 ST iR Edatishp-d7zhave been determined in order to minimize the sum of
squarederrors between the normalized data from experiments (normalized heights and
velocities) and the proposed vertical profile. The coefficients providing the best agreement
between the correlated mfile and the normalized data are shownEquation5-48. The profile

created using these coefficients is plottedrigure5-12, along with the classical waéit profile.

"O- PHYR-2 Op AOHE L B Equation
5-48
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Figure5-12: 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 averagé édefficient 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 maximam speed The height of mximumair
speedin the proposed profile is also more representative of the actual height of maxamal
speedthan the height of maximunair speedin the classical walket profile. Indeed, in the
experimental data (Chapter 4) the dimensionless heighimakimalair speedis around 0.25;

and the dimensionless height of maxinat speedis 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 profiléor 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 assessmetitis 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 pufec&efficient is small (0.97
versus 0.96), but it offers an improvement in terms of general shappe@ally around the

height of maximadir 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 yealprofile or the
proposed profileA & G KS ySOSaaArde G2 (VY 2xtohekdetodugedt £ G KA
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 maxiamalspeedunless 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 presentedhlieb-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 atri-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 maximumr speedoccurs between 0.025 and 0.05 ¢Nordtest, 2009;
Skistad et al. 2002). The thickness variation of @itriensional DV jet with the distance from

the diffuser has seldom been studied in the past. The overall conclusion of those stuttiat

the thickness of the jet decreases in tipgimary zone, and then increases slightly in the
secondary zone (Skaret, 1998; Nielsen 2001). No relaitiwever proposed in those studies

to link the variations in jet thickness with other flow parameters. Those studiesotl explain
either why someDV jets show a significant increase of thickness with the distance from the
diffuser, whereas for others DV jets the thicknésslmost constant in the secondary zone. In
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addition, no study could be found regarding the variation in DV jet thickness &pantalong
the longitudinal axis. Ae next sectionsare dedicated to further study the variation in jet

thickness with the diffuser and supply conditions studied, and with locattmn the room.

5.6.1 Variation of the jet thickness with the distanegerh the diffuser

Figure5-13LJ 20 & G KS f 2 Qifdund &She sebtisr 3D [Tapl8=8h 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 diffuselrvaith 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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Figure5-13: Thickness of the jet versus distance from tb#fuser 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 undemperature or a higher diffuser generally lesad

to a lower jet thickness, whickeems 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 dedgyerature.

Thevariation of thickness with the distance from the diffuser can be divided into three parts.

Figure5-14illustrates this point by plotting the varien of jet thickness with the distance from

the diffuser for measurements on the small diffuser with a supply ustdemperature of 5.0°C.
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Figure5-14 highlights three distinct zones wdhi can be described as follows:

1 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.

1 As for the second part of the jet, this parbrresponds 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 reacéd in this part is different for all the cases studied, ranging from 0.08 m to

0.14 m.

1 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 distancesrfrthe 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, @stlaém
display such division. The division in three parts can also be found in published data in the
literature, such as in Nielsen (2000) (degure5-15). 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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Figure5-15: Thickness of the jet versus the distance from the diffuser based on Nielsen (2000)

5.6.3 Proposed correlation for the jet thickneal®ng the longitudinal axis

Intuitively, one would assume that the thicknesa 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 vasiwith the Archimedes number calculated at the diffuser.

A higher Archimeels number, hence higher buoyancy forcesfound by Nielsen to lead to a

lower thickness of the jet. No formuia however proposed to link the thickness of the jet with

the Archimedes. The studyods not explore further whether the thickness variationtime jetis

affected only by the supply undér S YLISNJ (G dzZNBz 2y f @

0é

iGdKS

a dzLJLJX e

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 witte ratio of the supply undetemperature

and the squared supply flomate. 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 ofjet thickness with the distance from the diffuser or with the distance from the

axis.

Based on the experimental data presented in Chapter 3, the aughable to study the variation

in jet thickness against several flow parameteas €peed 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 dividegs follows First a comelationbased 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 aufhéreasurements for the four cases

described in sd®n 2.1 and for an additional case on the smaller diffuser (0.6 m x 0.6 m) with a

supply undefi SYLISNI G dzNS 2F cdpc/ YR | &dzLldxX & Ff2g N
data, data from an experimental study performed by Nielsen (2000) is atdodied. In this

latter study, the diffuser was a seroylindrical DV diffuser of height 0.56 m, with a perforated

area of 0.188 rh Table5-9 summarize the information regarding the experimental data used.

¢CKS YAYAYdzY GKAOlySaasSa NBIFINRAYI GKS | dzikK2N

analysis discussed in sectiod §Table5-8).
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Table5-9: Diffuser information and minimum air jet thickness

Diffuser type

Semicylindrical

(Nielsen, 2001)

Flat wallmounted diffuser

(Magnier et al., 201p

Height [m] 0.56 0.7 1.3
Supply flow rate [r¥s] Not specified 0.035 0.032
Perforated area [ 0.188 0.054 0.116
Supply undetemperature [°C] | Not specified 2.4 50 65 |25 55
Archimedes number at supply| 1.5 4.6 84 |53 111 144|123 27.0
Minimum thickness inthe jet

- 0.12 0.11 0.08 1 0.14 0.12 0.11 | 0.10 0.08

Correlation and discussion

Preliminary analysis of the minimal thickneksads to the conclusiorthat the minimum

thicknessis notdirectly 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 thicknegsekeeper

analysis of the data however shewhat the minimum thickness in the jet can be related to a

modified version of the Archimedes number, GArThis modified Archimedes number is a

function of the supply undetemperature, of the height of the difiser and the supply flow

rate, as described ikquation5-49. Figure5-16 plots the minimum thickness in the jet versus

the modified Archimedes numberAF 2 NJ 6 2 0 K G KS | dzi K2NQRa | yR DbASt
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) C;:f q Q4 4 Equation5-49

where:

g is the acceleration of gravity [nfls

=a

97 A& GKS GKSNX¥YIf SERIF yarzy O2STFFAOASYdH 2F A

=

Hairr is the height of the diffuser [m];

1 Twomis the air temperature in the room, taken in this study as the temperature in the middle

of the room at aheight of 1.1 m [K];
1 Tsupplyis the supply air temperature [K] and;

T Qsupplyis the supply flowrate [m¥s].
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Figure5-16: Minimal thickness in the jet versus modified Archimedes number

Figure5-16 shows that the use of the modified Archimedes numbeg émables to get a similar

GNBYR F2NJ 620K bASft aSy QaimunytRckrieds alsolapéaic2oNdy N

&
QX

linearly with the modified Archimedes number Arfor the supply conditions and diffuser
studied. The minimum thickness in the DV jet can therefore be written &sjuation5-50. This
equation agrees reasonably well with experimental data, with’adRie of 0.85 for the three

different diffuses andthe eight supply conditions studied.

) 8 pm 30 Moy | Equation5-50

117



tI NAFGAZY Ay 2S00 GKAOlY«smaa FTNBY GKS YAYyAYdzy

Data used and normalization

The variation in jet thickness has been studied using thealNiQa Rl i RS&a@NAOSR
In order to represents the variation in jet thickness, the author proposes to use the local
normalized undetemperature in the jet Equation5-51). From a physical point of view, the

local normalized undetemperature in the jet is representative of the local dyancy forces

acting on the jet Figure5-17 plots the variationof the jet thickness, in the axial plane, for all

cases studied against the locabrmalized undertemperature (seeTable 5-8), defined as

follows:

y _ 4g 4 8@
ya 8o
4y 4

Equation5-51

where:

T n m(XY)is the local normalized undeemperature, at a distance X from the diffuser and a
distance Y from the axis of the diffusey; [

T Tain(X)Y)is the minimum air temperature in the jet at a distance X from the diffuser and a
distance Y from the axis of theffdiser [K];

1 Tiimis the air temperature measured in the center of the room at a height of 1.1 m [K], and;

1 Tsuppyis the supply air temperature [K].
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Figure5-17: Thickness of the jet versubie normalized local undertemperature for the four cases studied (dottedines for

eye-guiding)

In Figure5-17, the three regions of thickness vation already mentionectan be noticed. The
advantage of the representation in terms abrmalizedlocal undertemperature is that the
extents of the three regions now mostly coincide for the four cases studied and that the division
of the thickness vari@n in three regions can now be explained in physical terms. The first
region, for high local undegiemperatures, 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 decnethe 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 appeduitine, as
one would rather expect a monotonic behavior for timerease of thget thickness, as it is the

case for isothermal walets. A possible explanation for this phenomenon, based on the
119



buoyancy forces on the jetould beas follows. At the bginning of the secondary zone of a DV
jet, the undertemperatures 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 areametheless strong enough to prevent its thickening. When the
local undertemperature 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 regionR3guare5-17.

Correlation

Based on the experimental data, a correlation can be deyetofor the jet thickness variation
along the longitudinal axis in the secondary zone of a DV jet. The correlation developed is
described irEquation5-52 and illustrated inFigure5-18. The correlation is found using the least
square erroranethod, with a resulting coefficient of determinatiorf Bf 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.

] Equation5-52
1 T®ip p E Y& 8 m 1
] Mipp TP Y @ 1T Y4 8o EYE 8 m 1
where:

1 {xvis the jet thicknesat a distance X from thdiffuser and a distance Y from the axis of the

diffuser[m];

1 {minis the minimum thickness reached in the jet for a given diffuser and supply conditions

[m], and;
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1 n gm(X,Y)s the undertemperature at a distance X from the diffuser and a distance Y from

the axis of the diffuser-].
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0 Case 2 (diffuser 1, AT=5.0°C) "X ,"
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Figure5-18: Thickness of the jet as a function abrmalizedlocal undertemperature in the secondary zone (Ax@land

regression model

General model of the thickness in tbecondary zone of a DV jet

Combining the model presented Equation5-50 and Equation5-52, a complete model for the
thickness of a DV jet in the secondary zone on the longitudinal axis can be féqodtipn
5-53). Figure5-19 plots the jet thickness calculated usiBgjuation5-53 versus the jet thickness
from experimental data, in the longitudinal planes in the secondary zone, for the four cases

studied.
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where:

1 4xyis the jet thicknesat a distance X from the diffuser and a distance Y from the axis of the

diffuser[m];
1 ARyis the modified Archimedes number definediquation5-49 [m™s?], and;

1 n Gm(X,Y)s the undertemperature at a distance X from the diffuser and a distance Y from

the axis of the diffuserfquation5-51) [-].
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Figure5-19: Predictedversus 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 introducied the analysis by
normalizations and measurement uncertainti€&quation5-53 is able to predict the minimum
thickness in the jet based on the supplgd 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 correlatioenables predicting the thickness of a DV jéh the secondary zone
Combired with the results of section.8, the maximahir speedin the jet ¢predominant for
thermal comfort and predicted bgir speedmodel ¢ can be used to evaluatde air speedat a

height of 0.10 nt, used in air comfort standards and in many field studiesvice versa,

The reference temperature used to calculate the untlEmperature 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 therjet to be affected by itChoosing the
appropriate height for the reference temperature is therefore compldxor instance,
preliminary calculations showed that using a reference temperature measured at a height of 0.6
m leads to slightly better correlations tharsing 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 thicknasas a function of the undgemperature provides anexplanation
of the variation of thickness in the longitudinal plane. The division of the secondary zone in two
regions based on thaormalizedlocal undertemperature also explains why the last region is

absent in some DV jets (as in Nielsen, 2000). In some cases, thardeatemperature in the
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jet might never be smaller than 0.44 farrange ofdistances from the diffuser andherefore,

the steep increase of the third region does not occur, leatiingn 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 walljet where the local air velocity is not an influential parameter for

the jet thickness increase (Rajaratham, 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 jeutside the longitudinal axis has never been studied in the literature.

Figure5-20 plots the jet thickness at different distances from the longitudiasis for each case

studied.
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Figure5-20: Thickness in the jet versus distance from the longitudinal axéisa distance 2.16 m from the diffuser
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Figure5-20 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 axisulshbe 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 temgere 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 corradtion developed in the previous sectioBduation5-53), Figure5-21 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 tle axis). Using data from both the transversal and longitudinal vertical planes,
the R coefficient associated wittEquation5-53 is 0.76, which is dtiacceptable. Overall,
Equation5-53is considered as valid for the jet thickness of a DV jet in all the secondary zone of

a DV jet.
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Figure5-21: Thickness of the jet as a furioh of local undertemperature in the secondary zone (Transversal)
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5.7 Analysis of the transversal air speed profile

5.7.1 Experimental data used and normalization

In order to properly assess thermal comfort, the analysis of the DV jet needs to bemedor
both along the longitudinal axis andhapart from the longitudinal axisThe 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 studi¢de 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 Whe 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 piitd, the air speed is first normalized as showrEmuation

5-54. Then, the hypothesis of a Gaussian profile states that the normalized air speeldl shou
follow Equation5-55. The inner parenthesis quation5-55is the dimensionless distance from
the diffuser. InEquation5-55, a parameterb 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
RSGOFAT &0 ® ¢xKiS reprdsenthtiveSofi tBeNdidth of the jet and corresponds to the
distance from the longitdinal 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.

o W oo Equation
| A @ whhw 554
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Equation
5-55

)
€

w oy A @D T

Where

1 Yis the distance from the longitudinal axis [m];
1 bis a correction coefficient to account for shifting of the jet [m], and;

1 i xzis the spread parameter at a height Z and a distance X from the diffuser [m].

5.7.2 Vertical transversal plane

Table5-104 K2ga GKS i LI N} YSGSNAR Id RAFFSNBYy(G KSAIG
with the R coefficients associated with the correlations. This table shows that the Gaussian

profile is generally appropriate for the transversal air speed profile, witbdgfficient generally

higher than 0.75Figure5-22 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. Asan be seen, the agreement between experimental data and the

theoretical Gaussian profile is acceptable.

Table5-10Y i 2Icqt—’)ﬂ?-'iciems in the transversal vertical planer different heights

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

Diffuser | i, | 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
nT=2.4 °C

Diffuser | j ., | 1.54| 1.64| 159 | 152 | 157 | 1.54 | 1.82| 1.76 | 1.57
0.6mx0.6

m R | 083|091|096| 095|077 | 0.85| 0.88| 0.29 | 0.91
NnT=5.0 °C
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Diffuser | j, | 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|088 051 054| 0.76 | 0.64| 0.79 | 0.80
nT=2.5 °C
Diffuser | j., | 1.44| 159 | 1.48 | 1.48| 1.44 | 154 | 1.55| 1.67 | 1.50
1.2mx0.6
m R | 080|082 085|084 061|0.75| 0.71| 0.69| 0.82
nT=5.5 °Q
1.2
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o
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©
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Analysis ofTable 5-10 shows that, for a given supply condition and at a given longitudinal

G§KS RATTdza SNE

Figure5-22: Dimensionless transversailir speedprofiles in the vertical transversal plane
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can then be used, as sWwn in the last column ofable5-10. The coefficients of determination

R associated with using an average coefficient are higitegqual t00.8, irdicating a relatively
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good agreement with experimental dat@ihus, he transversal profile of normalizedr speedn

a DV jet, at a given distance from the diffuser in the secondary zone, can be considered as
independent of height, for height lower tharr @qual 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 horizbptane

The analysis described in the previous section has been repeated for the measurements
performed in the horizontal plane at a height of 0.05 Fable5-11a K2g6a G(KS i 02ST¥
found for each case at different distances from the diffuser, along with thedefficients

associated with the correlation&igure5-23 plots the normalized air speed from measurements

against the dimensionless distance from the axis for all the profiles studied.

Table5-11Y i 2Icq(éﬁlf?ciewﬁs at different distances from the diffuser in the horizontal plane

0.16 |0.56 |0.96 [1.36 |1.76 |1.96 |2.16 |2.36
m m m m m m m m

2.56m|2.76 m

Diffuser |j ., 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 [N.A |0.82 |0.97 |0.98 |0.96 |0.91 |0.61 |0.83 |0.86
nT=2.4°C

Diffuser |j . N.A |N.A [1.03 |1.06 |1.33 |1.44 |152 |1.76 |2.20 |2.08
0.6mx0.6

m R |NA |[NA [0.99 (095 |0.93 [0.87 |0.95 |0.82 |0.87 [0.92
NT=5.0 °C

Diffuser |j,, |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 |NA |093 [091 |0.84 [0.95 094 |0.51 [0.57 |0.40 |0.33
NT=2.5°C

Diffuser |j,, |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 |NA |0.96 [0.94 |0.96 |0.96 |0.86 |0.84 |0.65 |0.61 |0.74
NnT=5.5°C
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Figure5-23: Dimensionless transversalir speedprofiles in the horizontal plane

Figure5-24 and Figure5-23 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 diffiseprofile is

not applicable close to the difser due probablyto 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 distancasttieo

diffuser, Table5-11a K2 ¢ a4 GKIFG GKS i O2STFAOASYyGa AyONBSI| a

indicates that the transversal profile of apeed becomes more and more unifolaway from
the diffuser. Far from the diffuser, the variations of air speed compared to the air speed

measuredalong the longitudinal axis are relatively small. Eventually, these variations fall within
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the measurementaincertainty, which explains the smalf 8oefficients. Overall, the Gaussian
profile is nonetheless found applicable to represent the transversal variation of air speed in a DV

jet.

l'a F2NJ GKS Table®1a $hevils xh@tih® yaefiickents are different for each supply

conditions studied and each distance from the diffuser. One general conclusion jsfahat

specific of diffuser and undgemperature,i KS 1 O2SFFAOASYy(ia AyONBI &S

the diffuser. Further analysis shows that this increase is linear with the distance from the
diffuser Figure5-24). 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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Figure5-24: 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 planehand t
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 alsc shaivthe
transversal profile of normalizeair speeds independent of heighfor height within the 0.02 m

to 0.10 m range. As the distance from the diffuser increases in the secondary zone, the
OGN} YAOSNBEFE LINRPFAES 2F AN ALISSR 06S02YSa Y2NB
increase linearly with the distance from ttbffuser in the secondary zone. More studies are
required to relate this increase withtloer flow parameters. In terms of comfort, the analysis
shows that the transversal profile of air speed is to be taken into account at the beginrtihg of
secondaryzone. Indeed, experimental data shows that, at the beginning of the primary zone,
the air speedon the longitudinal axis can be significantly different from the air peed.atm

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 thelongitudinalair speedas a first approximation for cofort assessment.

A noteworthy comment is thatin the experimental setip used for this study and despite
careful settings, the jet slightly shéffrom the longitudinal axis as the distance from the diffuser
increases. This calls for an increased attemtio further measurements to make sure the jet is
perfectly central, in order to accurately study the longitudinal profileaaf speed In the
measurements, due to the fact that the jet was not perfectly centered, the maxiranrspeed

in the jet (see sd®mn 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 maximurair speedis in the order of 0.01 m/sj.e. below the

experimentalerror.
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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 theair speeddistribution. Significantly less data is available and correlatimaels are

NI NEd / dZNNBy (i O2NNBflFGA2y Y2RSta adzOK | & adzy
temperature in the jet. On the other hand, experimental results show that the temperature in

the jet varies significantly with the distance from the diffuserd to lesser extent with the

distance from the longitudinal axis and the height. This in turn affects significantly comfort
metrics suchasthe temperature differencébetween theheadand ankles. The purpose of this

section is to discuss the temperatudsstribution in the DV jebased onthe experimental data

presented in Chapter 4.

5.8.1 Variation of temperatur@long the longitudinal axis

Variation of temperature in the primary zone

The temperature change in the primary zone is a complex phenomenatel primary zone,

the jet temperature changes mainfjue to mixing and entrainmenof indoor air. Agnentioned
above there is currently no formula to predict the entrainment of room air. Another difficulty
comes fronthat the temperature of the mixingiais 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 diffaer. 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 floaheadliffuser

exit. Determiningwhich temperature to take into account for entrainment is theregor
extremely difficult in this caseThus 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 efrtal 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 minimalriperature measured at a given longitudinal distance
from the diffuser Tmin). The study of the temperature field in the secondary zone follows the
same concept as the one used inthe study ofair speeddistribution, 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 sectiorb.4 (Equation5-56). It can be noted that the length of the primaty;
remains defined in terms of maximal air speeahd not temperature. Then, the under
temperature in he jet is normalized with respect to the minimal temperature reached at the
end of the primary zone, as shownHkuguation5-57. From a physical standpt, the normalized
undertemperature as described ifEquation5-57 is representative of the buoyancy forces
acting from the roomon the jet. The nomalized undettemperature written inEquation5-57

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 forispresent.

v 8 0
Equation5-56

Where:

1 Xis the distance from the diffuser [m] and;

1 Lezis the length of the primary zone [m].
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Y'Y , Equation5-57
Yg Y
where:
T N GO V¥stdhe normalized undel SYLISNI G dzZNBE 4 |+ RABGIFYyOS v FTNRY
f TuOM@& GKS YAYAYdzY AN GSYLISNY GdzNB °ql;y GKS 2Sid |
1 T.iimis the air temperature measured in the center of the room at a height of 1.1 m [°C], and,;
T Temis the minimum air temperature in the jet at the end of the primary zone [°C].

Figure5-25 and Figure5-26 show the longitudinal profile of minimum temperature in the
secondary zone, respectively befoaad after normalization. As shown Figure5-25, before
normalization, large differences of temperature amplitudes and variations appear between the
different cases.Figure5-26 shows that, after normalization, the normalized profiles of air
temperature become very similar. This demonstrates thhe tnormalization proposed is

efficient for the data studied.
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Figure5-25: Longitudinal profile of minimal temperature in the jefor different cases

Figure5-26: Normalized profiles of minimal temperature in the secondary zofoe different cases
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