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Chapter 1 Introduction

1.1 Objectives of theresearch

Providing comfort and a healthy environment forugants with minimum use of
energy is the ultimate purpose of heating, vemigatand air conditioning (HVAC)
systems. Building ventilation directly affects timeloor air quality, and influences the
health and productivity of the building’s occupamsnong various types of ventilation,
the best-known and most frequently used ventilatogthod is mixing ventilation.
Mixing ventilation aims to dilute polluted and waedicooled room air with a cleaner and
cooler/warmer supply of air to lower the contaminaoncentration and provide an
optimal temperature and indoor air quality. Mixwentilation has been applied to a large
variety of room types using different air diffusarsd exhaust types with various HVAC
systems; such as a variable air flow volume (VAWstem with constant supply
temperature and constant air volume system witlalbla supply air temperature. One of
the major challenges of mixing ventilation is itsvl effectiveness with regards to the
exchange of air, which may occur owing to tempeeastratification with all-air heating
because the same mixing ventilation diffusers ofteovide both space cooling and
heating.

In terms of thermal comfort, the impact of drafdaemperature uniformity are
measured based on the air distribution performamaex (ADPI) (Miller et al. 1971). It
is a widely accepted index that shows the perfooaaf diffusers and is used for diffuser
selection. The ADPI is defined as the percentaganobccupied zone falling into the
acceptable velocity and temperature range. Themagidetermined by the local effective
draft temperature (EDT), which combines the airgerature difference of the local and
spacious average temperatures, and air speed. AlRBiporates with the throw of

selected terminal velocity and the characterigtiggth that describesroom geometry,
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Chapter 1 Introduction

and it provides design variables for selectingudiérs. The ADPI method is only valid
for overhead air distribution systems under cootipgration (Krati et al 2008). However,
in practice, the same mixing ventilation diffusefen provide space heating and cooling
(Platt et al. 2010, Vakiloraya et al. 2014, Liwaet2015). This causes many issues during
the heating period. Liu et al. (2016) recently exgeed the ADPI concept in the heating
mode and obtained ADPI values with recommendedydeasiteriafor various types of
diffusers. They also updated the ADPI data withudiérs commonly available on the
market nowadays under the cooling mode.

Current practice related to the air distributiosida and diffuser selection relies
on only the ADPI, which considers only temperatuméormity and draft. The impact of
stratification and low ventilation effectiveness alfair heating systems is taken into
account by a correction factor in the American 8goof Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE) Standard 62.1 (90T0is does not always result in
proper diffuser selection. For example, when thievthis too short, the jet may detach
from the ceiling, increasing the draft risk undee tooling regime. Moreover, a short
throw length may cause inadequate mixing that teguk high temperature gradient and
low air quality under the heating regime. It is @&gary to have some momentum flow to
obtain adequate mixing in the occupied zone. Howeveery large supply jet momentum
may generate a draft when the flow rate in the pigzlizone is above a certain level. The
temperature difference between the supply andrrgéds should also be restricted as a
high-temperature difference may cause a draft arahalarge temperature gradient may
result in inefficient energy use. Few studies feclsn ventilation effectiveness with
mixing diffusers used for space heating have bemmucted, although all-air-heating

ventilation is widely used. A comprehensive degigacess for diffuser selection and
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Chapter 1 Introduction

positioning that considers both thermal comfort @edtilation effectiveness at the same
time is needed.

In contrast, the ASHRAE Standard 62.1 (2010) specthe minimum ventilation
rate in different types of buildings. This requireehtilation rate is adjusted by taking
into account the impact of ventilation effectivenehe ASHRAE Standard 129 (2002)
specifies the standard procedure for measuringt@nge effectiveness and how the
minimum ventilation rate in Standard 62.1 (2010 d&& modified by air change
effectiveness. However, this standard may not hetjmal for field measurements as it
demands extensive measuring equipment or repetitigasurement. Specifically, the
standard requires to measure air change effecsege?®% of workstation or at least 10
locations in the test space. This results in lopliaption of the ASHRAE standard 129,
and the air change effectiveness is rarely measorée field. Other standards, such as
ISO 16000-8 and the standard developed by the §ogieHeating, Air-Conditioning,
and Sanitary Engineers of Japan also address swdedures. As the ventilation
effectiveness may have a significant effect on lnadloor air quality and building energy
performance, it is important to know how to measub®th properly and effectively.

Thus, the three primary objectives of this study summarized as follows:

(1) Define the oper ation range of commonly used diffusers

Define the operation range for selecting diffuseith an acceptable ADPI, air
change effectiveness, and temperature effectiverfeswide selection data for air
distribution system design for the most common $ypkcelling diffusers linear slot
diffuser, round ceiling diffuser, louvered facefdger with no lip and perforated diffuser

directional pattern (4 way) in both cooling and heating regimes.
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(2) Evaluate a method for improving ventilation effectivenessin the heating mode
Provide simple strategies to improve ventilatiofeeiveness in the heating

regime while maintaining acceptable ADPI valuesaldste the improvements and

operation ranges of diffuser deflector adjustmentspm-supply air temperature

differences, and exhaust locations.

(3) Assess a procedurefor evaluating air change effectiveness

Assess a procedure for evaluating the air chand@ectefeness of mixing
ventilation by analyzing variances in local air oba effectiveness. Examine the
correlation of temperature effectiveness and amnge effectiveness to suggest a
simplified strategy for evaluating air change efife@ness that may be applied in actual
buildings.

The author performed experimental measurements full-&cale test room.
Carbon dioxide (Cg) tracer gas decay tests were conducted to metmsuege of the air
at multiple locations in the test room simultandpusith various types of ceiling
diffusers/pattern adjustments at different airflates and internal loads. The presented
study expands recent research on ADPI with varigpes of diffusers by Liu et al.
(2016). The author also performed ADPI evaluatiemder conditions not considered in

Liu’'s study.
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1.2 Background

This section explains the theoretical and concéptaekground of this research.
The first section introduces ventilation types caoniy utilized in the industry. The next
sections explain indices used to evaluate vergitathmong several indice$p.2s/L and
ADPI, air change effectiveness, and temperatuecgifeness are utilized to evaluate the
performance of the diffusers with regards to théroeanfort, ventilation effectiveness,
and heat removal efficiency, respectively. The ehmosndices have been studied
extensively by many researchers and are widely ustied industry. Detail explanations
of To2s/L and ADPI, air change effectiveness, and temperaiiectiveness are provided
in sections 1.2.2.3, 1.2.3 and 1.2.4, respectinelgddition, current practices of diffuser

selection are introduced.

1.2.1 Ventilation methods

According to the Federation of European Heating,ntNaion and Air
Conditioning Associations (REHVA) Guidebook No.2 {\ér et al. 2013), ventilation
methods are categorized into three groups basdtemnair distribution patterns. The
first ventilation method introduced in this sectio® mixing ventilation. Mixing
ventilation refers to an air distribution patterather than a ventilation system. It can also
be called an air distribution pattern with a mixiefiect or mixing air distribution. The
purpose of mixing ventilation is to dilute pollutadd warm/cool room air with cleaner
and cooler/warmer supply air.

The second ventilation classification in REHVA ismglacement ventilation. It
can be called an air distribution pattern with spthcement effect or displacement air

distribution. This ventilation pattern aims to rag@t but not mix polluted room air with
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Chapter 1 Introduction

clean air. The last method is unidirectional (pi3teentilation. Piston flow will take place
when air distribution is controlled by the momentfiow. A very high flow rate is
required to obtain such flow, and the air change can typically be 50 to 100'h

On the other hand, Cao et al. (2013) conducted napoehensive review of
scientific literature on air distribution systenmslaclassified different ventilation systems
according to specific requirements and assessmeoégures. The ventilation methods
were categorized into eight groups, i.e., mixingntitation, displacement ventilation,
personalized ventilation, hybrid air distributiatratum ventilation, protected occupied
zone ventilation, local exhaust ventilation andgusventilation. In addition, five indices
were introduced to assess the ventilation perfoomanincluding ventilation
effectiveness, in terms of air exchange, pollutantoval, heat removal, exposure and air
distribution. The study found that the assessmievemtilation effectiveness or efficiency
should depend on the purpose of the ventilatiotesysand provided the basic framework

regarding application of airflow distribution.

1.2.1.1 Mixing ventilation
Mixing ventilation is the most known and used viatibn method among the

various types of strategies (Cao et al. 2013)héndesign of an air distribution system,
various types of supply air diffusers and returnrdets (exhaust) can be applied to create
mixing in different space types (Muller et al. 2QBd can be applied to a large variety
of room types. According to the ASHRAE Handbook-&amentals (2009), supply air
diffusers (also called outlets) are categorized ifive groups. Table 1-1 shows the
classification of outlet types and examples ofudiffrs. Group A outlets are defined as

outlets that are mounted in or near the ceiling discharge air horizontally, and Group
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E outlets are outlets that are mounted in or nkarceiling that project primary air

vertically to the outlets utilized in mixing veration.

Table 1-1 Classification of outlet types and exagil diffusers

Definition

Outlet Examples

Outlets mounted in or near the ceiling

)

high side wall grilles, side wall

Group A _ _ _ diffusers, ceiling diffusers, and
that discharge air horizontally _ N _
linear ceiling diffusers
Outlets mounted in or near the floor | floor registers, baseboard units, low
Group B | that discharge air vertically in a sidewall units, and linear-type
nonspreading jet grilles in the floor or window sills
Outlets mounted in or near the floor floor diffusers, sidewall diffusers,
. . . . linear iffusers and other
Group C | that discharge air vertically in a ear type diffusers and othe
o outlets installed in the floor or
spreading jet
window
G b Outlets mounted in or near the floor | baseboard and low sidewall
roup . . , ,
that discharge air horizontally registers
Outlets mounted in or near the ceiling ceiling diffusers, linear grilles,
Group E

that project primary air vertically

sidewall diffusers and grilles

One of the most comprehensive mixing ventilatiordgs for mixing ventilation

was published by REHVA; REHVA Guidebook No.19 “Gaidn mixing air distribution

design” (Muller et al. 2013). The guidebook givesaverview of the theory of mixing

ventilation, design methods, and several caseegu@reater detail will be provided in

the following sections.
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1.2.1.2 Displacement ventilation

Displacement ventilation (DV) is one of the conseptilized in the supply of
conditioned air to and ventilation of buildingso&t terminals or other lower mounted
diffusers introduce air into a room at a low vetpcFigure 1-1 shows the concept of DV
(Chen et al. 2003). As shown in the figure, asaihés heated by heat sources in the room,
it rises, passes through the occupied zone, ahémsexhausted at a high level. Cho et al.
(2005) comprehensively reviewed research on dispt@nt ventilation and categorized
DV into three groups: 1) traditional displacemeantilation, 2) displacement ventilation
with a chilled ceiling panel, and 3) displacemeantation with a raised floor. The
review was focused on temperature airflow and cuoirtant distribution, indoor air
quality and comfort, and energy and cost. Accordiagtheir review, the energy
consumption of DV is similar to that of a mixingssgm, though it can sometimes be
smaller or larger, depending on the control stiagedn the other hand, DV can achieve
higher IAQ and comfort. According to ASHRAE Standl&?2 (2016), the air change
effectiveness of DV under the cooling mode is H@wever, the air change effectiveness
under the heating mode is 0.7.

REHVA published the first version of its DV guidehich introduces the design
guidance including diffuser selection with casealss. (Skistad et al. 2002). Recently, a
revised guidebook, which simplifies and improves gactical design procedure, was
published (Kosonen et al. 2017). In general, Dgugable in tall rooms and where the
supply air is cooler than ambient air. Furtherm@¥,is not suitable for heating as warm

supply air will rise due to buoyancy and will bdrexted when it reaches the ceiling.
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/ — — Exhaust -1
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’ - I Supply
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Figure 1-1 Sketch showing displacement ventilat{@ien et al. 2003) (Prepared by

author referring the reference)

1.2.2 Ventilation effectiveness

Four different standards/guidebooks on ventilagéfectiveness are reviewed in
this section. The publications include ASHRAE Stdd129 (2002) “Measuring Air-
Change Effectiveness,” REHVA Guidebook No.2 (Mulletr al. 2013) “Ventilation
Effectiveness,” International Organization for Stardization (ISO) 16000-8 Part 8
(2007) “Determination of local mean age of air ulthings for characterizing ventilation
conditions,” the Society of Heating, Air-Conditioig and Sanitary Engineers of Japan
(SHASE) Standard 115 (2010) “Field Measurement Ida@sh for Ventilation
Effectiveness in Rooms,” and SHASE Standard 1161120“Ventilation Rate
Measurement of a Single Room Using Tracer Gas Tiqohari

All organization introduce the age of air concemsdd on tracer gas
measurements. The age of air is measured by megsiilne tracer gas concentration,
whereby the tracer gas labels the indoor air witlinart or nonreactive gas (Dietz et al.
1986, Fisk et al. 1989, Fortmann et al. 1990; Hastjal. 1990, Lagus and Persily 1985,
Persily and Axley 1990, Sherman 1989, 1990, Sheretaad. 1980). Figure 1-2 shows

the age of air concept. The age of air is defiretha average time that has elapsed since
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Chapter 1 Introduction

molecules of air in a given volume of air enterlee building from the outside. In other
words, according to the ISO, it describes the lergttime the air at a specific location

has on average spent within building.

vy
'-<Q

q. w.=V/q,
Figure 1-2 Definition of the age of air. (Mullerat 2013)

(Prepared by author referring the reference)

The air at poinP is a mixture of different air molecules that hapent different
times in the room. The local mean age of @j) (neasures the quality of air at a given
point. In the exhaust air stream, the local meam @&gair is equal to the nominal time

constant fn).

(1-1)

whereV is the room air volume argl is the ventilation flow rate. When there is more
than one exhaust outlet, the nominal time conssaalso defined as the weighted average

of the local mean age of air in the exhaust agastr
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neBgEE 0
wheremis an identification number unique for each exhaurstreamQexmis the airflow
rate in the exhaust airstream, amg., is the age of air in the exhaust airstre@hre room
mean age of ai{f)) is equal to the spatial average of the local nagges of air(f,)).
Figure 1-3 showstr) and m for four different types of airflow. Following the
REVHA definition,(7) is /2 in an ideal piston flow, andr) is equal tam in fully mixed
airflow. If there is short-circuit flow from the pply to the exhaust, the local mean age
of air will be low in the short-circuited zone ahigh in the stagnant zone. The air change

time for all the air in the roont{) is equal to twic&t).

Piston flow Fully mixed flow
E--/:
T I —
| Displacement flow | Short circuit flow

Figure 1-3. Room mean age of air and nominal tiorestant for different types of

airflow. (Muller et al. 2013) (Prepared by autheferring the reference)
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As mentioned, the age of air is measured by meagiracer gas concentration.
The tracer step-down (decay) method and tracer-ugiemethod are the common
techniques for evaluating the age of air. In a geest, the concentration of tracer gas at
the start of the measurement is assumed to bermmifbhe tracer gas concentration in
the space then decreases at a rate that depenlds aim-change rate. According to the
ISO, the decay method can be used without probigs an air change rate n of 10 [h
1 in general. Following REHVA terms, from the dedagt, the age of air at a pomin

a spacet,) is given by
7, = Ci J,Cp(®at (1-3)

whereCo is the concentration of the tracer gas at a tim@,tandC(t) is the
concentration decay recorded at each point.

In a tracer step-up measurement, the tracer gagotation is also assumed to
be uniform at the beginning of the measurement.tideer gas is injected into the
outdoor air being delivered to the space at a eomsate. Tracer gas concentration
increases to an equilibrium val@eat a rate that depends on the air-change rate. The

local age of air at a point p in the spacg) (s given by the following equation:

Tp = fooo ll — Cp(t)l (1-4)

The 1SO guidebook also introduces two homogenemisseon methods: 1) the

active homogeneous method and 2) the passive haroogenethod. In the active
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homogeneous method, the tracer gas is fed at nezhsanstant rates into zones by a
suitable adjustable injection device and the loe@an age of air is obtained from the
quotient of the steady state concentration andiioe rate per volume. On the other
hand, in the passive homogeneous method, the jasds emitted at a known constant
rate into zones using diffusion sources. The lowahn age of air is obtained from the
quotient of the steady state concentration an@mthission rate per unit volume. In the

homogeneous emission methaglis calculated from the equation

- )
= @wm (1-5)

wherego is the measured trace gas concentration at sstatdygv/V is the constant in
the injection rate of a pure tracer gas in spgeés the injection rate of pure tracer gas,

andV is the volume of the spaag:is determined from

qV = kV X V (1'6)

whereky is a constant that can be estimated by the praxfubt anticipated air change
rate and the desired tracer gas concentratioradgtsate.

Although the same age of air concept is implememedifferent publications,
ventilation effectiveness indices are slightly erént. In addition, the ISO only provides
the evaluation method based on the age of air. ldegathe ventilation effectiveness
indices, the ASHRAE standard defines the air chaftgetivenessH). From the local

mean age of aif,, the air change effectiveness of the test spacedefined as
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= -
E= = (2-7)

where(T,,) is the arithmetic average of the age of air meabat breathing level within
a test space. Among other indices, this researohistently utilizesE by ASHRAE as
the ventilation effectiveness index. A detailedlarption of this index is given in section
1.2.2.3. Similar to the ASHRAE standard (2002), 8IdASE standard defines the
standardized occupied zone concentration. The atdizééd occupied zone concentration

(Cn) is defined as the inverse Biin the ASHRAE standard.

Cp =0 fatont (1.5)

Tn Cp—Cout

where(t,) is the average age of air in the occupied zond,zams the nominal time
constant on left side equatioGa is the average occupied zone pollutant conceatrati
under actual mixing condition€; is the supplied air pollutant concentration, &ad is
pollutant concentration assuming perfect mixingtmright side equation.

In the REHVA guidebook, the air change efficiene§) (s implementeds? is
defined as the ratio between the shortest posaiblehange time for the air in the room
mh and . €2 can also be described as the ratio between thestopossible mean age of

air m /2 and(7).

e = ;_:l X 100 = % X 100 [%} (1-9)
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The upper limit for this efficiency is 100 %, whiokcurs for ideal piston flow. It
is worth noting thaE andC, are defined within air at breathing level (occup#one)
while £ is defined with the entire room average includaegupied zone. The REHVA
guidebook also specifies the index that shows tmaitions at a particular point. The

local air change index is defined as the ratio ketwh andt,. The local air change index

(&5), is described as

gl =2x 100 [%}) (1-10)

Tp

Besides air change efficiency, REVHA defines contemt removal
effectiveness. The contaminant removal effectivert€} is focused on the transport of
pollution. It is a measure of how quickly an ainb@rcontaminant is removed from the

room and is defined as

g€ = —¢ (1-11)

Cmean

where ce is the contaminant concentration in the exhaust @ran is the mean
concentration of the contaminant in the room. TitBdes assume that the supplied air is

not contaminated.

1.2.2.1 Perfect mixing
Figure 1-4 shows the definition of flow types based:? and<© according to

REHVA (Muller et al. 2013)¢? evaluates how effective the supplied clean aitacgs
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the room air. The piston flow whereby mixing does occur between the supplied clean
air and the room air is the most effective flowisTtiow type has an? value of 100%.
Perfect mixing leads to at value of 50% and® value of 1. Short circuit flow occurs

when thes? value is lower than 50%.

Short circuit flow
contaminant source
close to exhaust
opening

Displacement
ventilation

Contaminant removal
Piston flow

effectiveness

Air change efficiency
t >
0% 50% 100%
Perfect mixing

Displacement
ventilation,

Short circuit flow contaminant source
without heat

1< generation

Figure 1-4 Definition of flow types based on aiaolye efficiency and contaminant

removal effectiveness. (Muller et al. 2013). (Prepaby author referring the reference)

On the other hand, according to ASHRAE Standard(2202), perfect mixing is
defined as a theoretical airflow distribution inialinthe concentration of all constituents
in the air, and the age of air, are spatially umifoLastly, SHASE Standard 115 (2010)
defines perfect mixing as simultaneous and equsdfildution of supplied air. In other
words, perfect mixing is a state in which a politasimultaneously spreads all over the
space equally.

In this research, perfect mixing is assumed to oagben the air change

effectiveness at all measured points is 1.0 £+ 0I0& value +0.08 is based on the

1-18



Chapter 1 Introduction

uncertainty in the tracer gas measurement assume8HRAE Standard 129 (2002). It

is assumed that perfect mixing can be achievedsmguadequate mixing fans in the test
space. It was confirmed that perfect mixing cowddabhieved by using three mixing fans
as all the measured local air change effectivenalsges in the perfect mixing test were
in the defined range. More details about the procedre given in Chapter 2.

On the contrary, short circuit flow is another imgamt term in this research. Short
circuit flow refers to entrainment flow with verpor mixing in the room as much of the
supply air leaves the room without mixing with tle®m air. The ASHRAE Handbook
(2009) mentions that poorly designed, installedperated mixing ventilation systems
exhibit substantial short circuiting, especiallyliog-based systems in the heating mode

(Offermann et al. 1989).

1.2.2.2 Measuring procedures

Table 1-2 summarizes the ventilation effectivenedikes, methods and
required sampling points when evaluating spaceilagion effectiveness in the
ASHRAE, REHVA, ISO, and SHASE standards/guidebodk® recommended
measurement methods and sampling points are §lidifttrent. The ASHRAE
standard only recommends the use of the tracestgpasdown and step-down method as
the tracer gas measurement techniques, while th&/REuidebook and SHASE
standard introduce a pulse method. The ASHRAE stahidtroduces other tracer gas
techniques, such as the constant concentratigection method (Fortmann et al. 1990,
Walker and Forest 1995, Walker and Wilson 1998jsifnandbook (2009). On the other
hand, the ISO mentions the homogeneous emissiamoaheh addition to the tracer gas

decay method. The tracer gas decay test is thenglagile tracer gas measurement
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technique as all standards/guideline recommenbhiterms of the sampling points, the
ASHRAE standard stipulates that the local age d&25% of the workstations but not
less than ten workstations and not less than taéwork stations should be evaluated
as a sampling point. On the other hand, the SHA&®Edard requires a minimum of
three points or three repetitive measurement apoirg in the target space. The
measuring point should be near the center of tha gpetween columns) by the span or
10 m by 10 m. The ISO requires a minimum of threasarement points in order to
gain information on variations that should not lse to the tracer gas sources
(minimum 1 m distance) or close to an air supptynteal. Finally, REHVA only
mentions that one or more places in the room oagsihair may be evaluated,
depending on the type of measurement. The sampdéing requirements are diverse.
However, the ASHRAE has the most stringent sampinigt requirements as it

requires 10 points at a minimum.
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Table 1-2 Summary of ventilation effectivenessaedi tracer gas method, and

sampling point specified in different standardsdgooks.

ASHRAE REHVA ISO SHASE
Standard 129 Guidebook No.2 16000-8 Standard 115
-Air change -Air change N/a -Standardized
effectiveness efficiency occupied zone
-Local air change concentration
index
Indices -Contaminant
removal
effectiveness
-Local air quality
index
-Tracer gas step- | -Tracer gas step-up| - Tracer gas decay -Tracer gas
up -Tracer gas step- | - Homogeneous | step-up
Tracer gas -Tracer gas step- | down emission method | -Tracer gas
Methods down -Pulse step-down
-Homogeneous -Pulse
constant emission
method
-Twenty-five -One or more places - A minimum of -Near the
percent of the in the room or in three center of the
workstations but | exhaust air measurement span (between
not less than ten points in order to | columns) by
workstations and gain information | the span or 10
not less than the on variations. m by 10 m; a
Sampling | total work stations - The points minimum of
points if the test space should not be three points in

contains fewer

than ten

close to the tracer
gas sources
(minimum 1 m
distance) or close
to an air supply

terminal

the target

space
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1.2.2.3 Air change effectiveness

As explained in section 1.2.2, several indices/éntilation effectiveness have
been proposed by different organizations and rekees. Among them, the age of air
method for determining the air change effectiveresdmed in ASHRAE Standard 129
is implemented in this research. The age of @mesaverage amount of time that has
elapsed since the air molecules at the locatiorcandbe caluclated from Equations 1-3,
1-4 and 1-5. In the ASHRAE standard, the age oditadr poini in a space is defined as
Ai, while REHVA defines it as the age of air at a p@im a space,,. This research will
use the nomenclature favored by the ASHRAE. Folgyvthe steps illustrated in
Appendix C of ASHRAE Standard 129, which focuseshendecay test, the corrected

age of air Aicorr) is calculated by

A Cuavg(tstop=totare) | Ciltsiop) (1-12)
icorr Ciltstart) LC;i(tstart)

wheretsop is the time of the final tracer gas measurentest,is the time when the
tracer injection is stopped at the beginning ofdragas decayiavg is the time-
averaged tracer gas concentration at locatlmtween timésart andtsop, andL is the
negative of the slope of the natural logarithmaiaentration as a function of time
calculated at the end of the tracer gas concentratcay. In this studwicorr is
considered aéi. Furthermoretsart is determined as the time the mixing fans are
stopped antkop as three times the nominal time constant. FAgrthe local air change

effectivenessH) is defined as
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Ey =3 [-] (1-13)

wherem is the nominal time constant. From the definitians the weighted average of
the age of air in the exhaust air strea#) (As the experiments in this research utilize a
single exhausty is equal toAe. In addition, the arithmetic mean Bfin the low
measuring plane, high measuring plane, and ovexslspace are referredBsw, Enign,
andE, respectively, and will be described in detaiCinapters 2, 3, and 4. The of

each case is computed from the correlation betwezexhaust air volume in the

HVAC control system and the computed actual agarah exhaust air stream, which is

obtained from perfect mix tests.

1.2.3 Temperatur e effectiveness

Introducing warm air into a test space may resuthermal stratification under
the ceiling due to a short circuit above the ocedpione caused by buoyancy effects.
Liu's study (2015) suggests that the warm air frdiffusers with smallTo2s/L causes
greater temperature gradients in the upper regfothe occupied zone. Ventilation
effectiveness might be low with such high therntedtgfication, although the calculated
ADPI is quite high. Temperature effectiveness (Etige et al. 1996), also defined as
ventilation effectiveness for heat removal (Awbaét1993) is implemented to evaluate
the temperature gradient in the test space. Sinlathe concept of the air change

effectiveness, the temperature effectivenéssig defined as

Ts—Tg
ET i —
Ts—(T)o

[-] (1-14)
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whereTs s the supply air temperaturEs is the exhaust air temperature, &ibo is the
average temperature in the occupied space (avefdge, Tos, T11, T14, andT1sis used,
where the index indicates the vertical distancthefsensor from the floor in meters). In
this research occupied space or zone is definedeleet floor and 1.8 m above floor as

specified in ASHRAE Standard 55 (2013).

1.2.4 To2s/L and ADPI

The ADPI is defined as the percentage of the oeclipone that maintains an
acceptable velocity and temperature. The regioh aitacceptable velocity and
temperature is determined by the local effectivadtdemperature (EDT) that combines
air temperature difference and air speed (Rydbead) €949, Straub et al. 1956). The

EDT for the cooling condition is defined as

EDT = T,— T, —8.0(V; — 0.15)  [°C] (1-15)

whereTi is the temperature at the test pojri is the spacious average temperature

[°C], andVi is the local air speed [m/s]. The EDT for the hrgatondition is defined as

(Liu et al. 2015)

EDT(8) =T, — T, —9.1(V; — 0.15) [°C] (1-16)

In addition, the ADPI incorporates the throw and tharacteristic length, and it

provides design variables for selecting diffusétse throw T) is defined as the

distance from a diffuser to a point where the maxmvelocity in the stream cross
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section has been reduced to a selected termiraitye(ASHRAE Standard-70. 2006).
The dominant diffuser property for air distributimthe supply jet throw lengéit
whichthe jet velocity decreases to a selected termialalevof 0.25 m/sTp.2s). The
characteristic lengt(L) describeshe room geometry using the distance at which ithe a
jet travels. The rati@o.2s/L is a dimensionless number that characterizes @lysup
diffuser momentum (including capacity of a diffusemix/entrain surrounding air) for
a given flow rateTo2s/L has the largest impact on ADPI, and togethes/L and ADPI
are used in the diffuser selection guidelines #pgear in the ASHRAE Handbook
(2009) The handbook lists the relationships between th€kdhd dimensionless ratio
of To2s/L for various diffuser types at different thermaldsaOne is able to design an
HVAC terminal system, including selecting the dgéu and determining its layout, by
ensuring th&o.2s/L of the system gives an ADPI that is greater th& 8®hich is the
threshold of air distribution system designs.

As Tozs/L is a critical parameter determining air distribatithis research
utilizes it to assess the performance of air distron. To.2s is defined for different air
flow rates in isothermal conditions from a manufizet’s catalogue data for several
diffuser types including adjustable blade diffus@&SHRAE. 2009). Howeveilo.2s/L
for a vertical flow is not defined in the literaéurThe throw of a warm vertical jet may
significantly travel less than an isothermal jettas strongly influenced by the
buoyancy force. Th&o.2s in a manufacturer’s catalogue for vertical flosothermal
flow) is modified by utilizing the empirical chart the ASHRAE Handbook (2009)
with measured supply air temperature and roonmeaiperature. From this chart, the

throw correction factor for vertical flow with reghto room supply air temperature
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differences is determined. In addition, the ceilrgyght is defined als for vertical
flow.
1.2.5 Diffuser selection methods

In mixing ventilation, diffuser selection, locatiosupply air volume, discharge
velocity, and air temperature different result inraotion in the occupied zone. This
section introduces diffuser selection methods renended by the ASHRAE, REHVA
and SHASE.

First of all, the ASHRAE recommends three methddd tan be used to select
diffusers: 1) appearance, flow rate, and sound @atgovels (lines of constant velocity)
and mapping, and 3) comfort criteria (ASHRAE Hamalb@009). It recommends the use
of at least two methods when selecting diffusetse Tast method, comfort criteria,
introduces the ADPI diffuser selection method. idilg To2s/L from manufactures’
isothermal catalogue throw data at terminal veyoait0.25 m/sTo.2s and the dimensions
available for the throw on the diffusers, designers maximize space coaomgfort.
ADPI method is most usable in space with ceilingghts between 2.4 m and 3 m
(ASHRAE Handbook 2009). However, the ADPI diffusetection method introduced in
the ASHRAE Handbook is only valid for overheaddistribution systems under cooling
operation (ASHRAE Standard 113. 2009). Liu et 2015) expanded the ADPI concept
to the heating regime and obtained ADPI values wetommended design critefiar
various types of diffusers under both the coolimgl deating modes. Liu’s study is
reviewed in greater detail in section 1.3.2.2.

REHVA recommends the air distribution method. Fegli¥5 describes the design
chart for air distribution in rooms (Nielsen 200The chart is based on the minimum and

maximum allowable flow ratesq) of air supplied to the room, and the maximum
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temperature difference between return air and sugipl(4To). The figure indicates that
a flow rate is necessary to achieve a given aifityuahe supply of flow with a
momentum generates mixing in the occupied zonejtaiidracterize an air distribution.
The drawback is that this flow may generate a dvattn the flow rate is above a certain
level. The temperature difference between retuchsapply air is also restricted as a too
high temperature difference may either cause d uiréiie occupied zone or create a too
large temperature gradient in the room. The optaradlistribution system design is one
that will give a sufficient supply of fresh air aadiraft free air movement in the occupied

zone.

At,
A
Draft or/and
temperature
> difference
£
>
o Draft
‘©
3
S
>

Qo
Figure 1-5 Design chart that indicates the restinst on the flow rate and on the return
and supply temperature difference. (Neilsen 2007)

(Prepared by author referring the reference)

REHVA also points out some aspects should be ceresiidwhen selecting and
locating diffusers: 1) equal air distribution irethoom space without a draft, 2) throw

length in the cooling mode condition by using thanenfacture’s product data, 3) short
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circuit prevention, especially in the heating mot)ethe presence of obstacles that might
obstruct supplied air flow, and 5) the noise lewehich should be according to the

standards. In practice, air distribution in a romroften designed by product-related

software or product-related design graphs. Figueshows a typical design graph. The
total pressure difference over the diffuséip] is given as a function of the diffuser size
(a0) and volume flowdo). The sound pressure leveh) and the throw lengthdg) curves

shown in the graph together wigh andAp: are used to select the diffuser.

Diffuser size a,

Figure 1-6 Graph for selecting a diffuser for amog@Muller et al. 2013)

(Prepared by author referring the reference)

Finally, the SHASE Handbook (2010) introduces flgatterns in mixing
ventilation, and provides diffuser selection guigetuding the ADPI method introduced
by the ASHRAE. The SHASE suggests equations foerdehing the diameters and
number of nozzle diffusers in a space based onditfiesion range of a free air jet
(Nomura, 1960, Hirayama et al. 1961,). This methughests that the air jet should reach

the floor under the heating mode. It also introdute selection guide for high side wall
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jet diffusers under the cooling mode (Kubota 197h)is method could be used to

determine the height of diffusers in rooms withrhgyde walls.

1.3. Literaturereview of related studies

This section reviews previous studies in the reiévderature. The section is
divided into two subsections. Section 1.3.1 reviestiglies related to the ventilation
effectiveness of mixing ventilation. Section 1.812n introduces previous studies on the

ADPI. The most recent ADPI studies by Liu et aé egviewed in section 3.2.2

1.3.1 Ventilation effectivenessin mixing ventilation

This section reviews previous studies relatedetttilation effectiveness. Section
1.3.1.1 introduces studies related to the influerfaelet/outlet locations. Section 1.3.1.2
reviews the influence of internal objects and ®ertil.3.1.3 reviews ventilation

effectiveness under the heating mode.

1.3.1.1 Influences of inlet/outlet locations

The impact of supply air diffuser (inlet) and exbkagoutlet) locations on air
distribution and their ventilation effectivenessaigspace have been investigated by many
researchers (Shinha et al. 2000, Lee et al. 200@nket al. 2006). Cao et al. (2013)
summarized the numerous studies on mixing vertdiatinat considered locations of air
flow inlets and outlets. Figure 1-7 shows their suary of mixing ventilation studies that
considered inlet and outlet configuratigBsyle Son 1899, Clements 1975, Sandberg et al.
1986, Nielsen 1991, Sandberg et al. 1992, Awbi. €993, Lee et al. 2004, Cao et al. 2010,

Krajecik et al. 2012)
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In addition, Sinha et al. (2000) compared the imp&different inlet and outlet
locations by modelling their use using computatidhad dynamics. The study found
that the most effective combination of inlet andletupositioning is with the inlet near
the floor and exhaust near the ceiling becauséubgancy force increases the intensity
of recirculation in such a combination. When coasialy the position of air suppliers in
the upper part of the room, Lee et al. (2007) arpentally compared high wall jet inlets
and grill diffusers with typical ceiling diffuser3heir results show that the air inlet
position and type are important determinants indis&ibution of airborne contaminant
concentrations. The ceiling diffuser overall proeldienore efficient ventilation than the
wall jet air inlet. Overall, the ceiling diffusergduced more efficient ventilation than the
wall jet air inlet. Unlike the air supply locatiotie air exhaust location has a small impact
on the structure of room air flow in most room aggions (Muller et al. 2013). This is
because there is a rapid decay of velocity withreasing distance from the exhaust
opening. However, the exhaust location may infleeagr change effectiveness and
contaminant removal effectiveness. In Khan's st(@y06), the arrangements of wall
inlets and outlets greatly influenced contaminamoentration. However, the influence
of the outlet location was minimal with a ceilingfdser inlet. As the air near the exhaust
is not driven by jet momentum but by negative puesén the air, the velocities near the
exhausts are relatively small. Therefore, the &dfexf the exhaust location on room

airflow pattern are relatively small in most apptions.
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Locations of airflow inlet and outlet

Methods

Main focus

Findings

Boyle Son Investigation Airflow distribution and |- This is one of the very earliest forms of
(1899) indoor air quality. mechanical ventilation
Inlet <= - Down draught ventilation by mechanical
impulsion is pronounced by public health
Outlet  m N experts to be highly prejudicial to health.
Clements Model Airflow pattern and the |- The air pattern is almost a function of the
(1975) =P |nlet experiment effect of Archimedes |Archimedes number. As Ar increases, the jet
number. deflection from the horizontal increases.
<= Outlet
Sandberg et al. Experimental Air exchange efficiency |- The ceiling-to-floor system gives rise to a
(1986) =P |nlet Outlet welp |study and contaminant comparatively rapid exchange of the air with
Inlet  <g=g= exposure. heating. However, the evacuation of the
contaminant is delayed.
<= Outlet
Nielsen Modeling and Simplified design - Simplified design models work well with
(1991) 7 Outlet = experimental method. simple geometry
Inlet study - Measurements show significant deviation.
Sandberg et al. Experimental The effect of - The critical supply Archimedes number at
(1992) > study Archimedes number on |which the jet breaks away from the surface
the airflow distribution. |as soon as it leaves the nozzle was just
Attached below 0.03.
Plane jet
Awbi and Gan Numerical study |Air distribution and - Air distribution systems should be different
(1993) =P |nlet OQOutlet ==t ventilation for heating and cooling in order to achieve a
effectiveness. comfortable room environment.
=¥ Inlet Outlet =49
Lee and Awbi 1 4 Experimental and The effects of partitions |- Increasing the partition gap underneath from
(2004) v 1 numerical study on the room air quality |0%H to 10%H causes an overall
Inlet  Outlet as well as ventilation  |improvement in the air change efficiency.
performance.
Cao et al. Experimental Maximum velocity - Attached plane jet can be used as an
(2010) <.| study decay in the air effective method to avoid draught in mixing
\f Inlet -\: distribution via attached|ventilation conditions.
plane jet.
Kraj cik et al. | 4 Experimental Air distribution and - The ventilation effectiveness varied
(2012) = et ¥ | study ventilation between 0.4 and 1.2, where 1 is complete
<= Outlet Outlet effectiveness mixing, which depends on the position of air
terminal devices.
Outlet =¥

Figure 1-7 Summary of mixing ventilation studiegasding inlet and outlet

configurations. (Cao et al. 2013) (Prepared by@utéferring the references)
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1.3.1.2 Influences of internal objects

Space partitioning such as cubicles and interngotd such as furniture or even
occupants may also affect effectives of air distitn (Shaw et al. 1993, Lee et al. 2004,
Wu et al. 2015). Shaw et al. (1993) showed thegmess of cubicles (with partition height
of 1.9 m in a space with total height of 2.9 m) hawl significant effect on the air
distribution patterns. They also found that theseiffof the layout of a cubicle on the
ventilation effectiveness is very small. A studytbe impact of cubicle height by Lee
(2004) shows that internal partition up to 60%ha toom height has a very small impact
on the air distribution. Partitions up of 80% oé ttoom height have a significant impact
on the room flow. When considering occupants, Wale(2015) conducted a test with
real walking occupants in a test chamber and agdlgtzeir impact on C£xoncentration
and temperatures distribution in the space witledhdifferent ventilation methods
(stratum, displacement, and mixing ventilation)e Bbtudy found that short term-walking
did not change the temperature or£&0Oncentration profiles. However, mixing occurred

when occupants walked for longer periods of time.

1.3.1.3 Ventilation effectiveness under the heating mode

The studies mentioned in section 1.3.1.1 and 2 3howed that many factors
may influence the supply air distribution in miximgntilation with an emphasis on
cooling. In mixing ventilation, the overall effeetiness of air distribution is slightly better
or worse than that with perfect mixing. Fewer stgdhave focused on the ventilation
effectiveness of mixing diffusers used for spacating. Air distribution with all-air-
heating presents major challenges for mixing astriiution. Researchers found low

ventilation effectiveness under heating conditiéisk et al. 1997, Offermann et al. 1989,
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Krajcik et al. 2012, Tomasi et al. 2013, Novose#dcal. 2003). Fisk et al. (1997)
conducted experiments that used overhead all-aitifigesystems with minimum supply
air flow rates of typical VAV systems. The air clgagneffectiveness was significantly
lower than 1.0 in each experiment. The measuredhainge effectiveness was in range
of 0.69-0.91 with a mean value of 0.81. Offermahale(1989) measured ventilation
effectiveness and ADPI under heating conditionshwiecommended minimum
ventilation rates while considering different syppind return air positions. For the
ceiling supply/return configuration, ventilation fedtiveness was 0.73 when the
temperature difference of supply air temperatuceranm average temperature was 8 °C.
It was even lower, 0.66, when the difference wa¥a.3Short-circuit flow from the supply
to exhaust was apparent in each configuration.ddeagt al. (2012) and Tomsai et al.
(2013) measured air change efficiency and temperatiectiveness in a test chamber
with various combinations of radiant floor heatargd mixing ventilation. All-air heating
systems often produce stagnant air in the occugpeate of the room with relatively
uniform low temperature in this stagnant zone.dswiound that with stagnant cold air in
occupied zone, the fresh hot supply air short diiauthe upper part of the room causes
very poor ventilation effectiveness in the occupsghce. The aforementioned low
ventilation effectiveness under heating conditiansconsidered into outdoor intake
volume required by building standard. ASHRAE Stadd@?.1 (2010) states that a zone
air distribution effectiveness of 1.0 can be acatewhen the ceiling supply of warm air
is less than 8 °C above the space temperatureharglipply air jet throw with a velocity
of 0.8 m/s To.s) reaches the lower part of the room (that is 1.dbmve the floor level).

When this 0.8 m/s jet throw does not reach the tqaet of the room or when the supply-
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room temperature difference is larger than 8 °€,rtbminal ventilation effectiveness is

0.8.

1.3.2 ADPI

The following subsections review two categorie®\DP| studies. Those related
to legacy applications of the ADPI to the coolingdr, which are reviewed in section
1.3.2.1. Section 1.3.2.1 reviews recent studieghenADPI that re-construct the ADPI

based on commonly used diffusers and its applicatialer the heating mode.

1.3.2.1 Legacy ADPI

The legacy ADPI method first applied to the coolmgde was developed by
Miller and Nash (1971). They derived it from a fdtjve response to the air temperature
difference and velocity draft proposed by Hougleeal. (1938). As introduced in section
1.2.4, the ADPI is determined by the maximum arexpand EDT. The ADPI is the
percentage of testing points falling into the rangéhe EDT at an acceptable air speed.
The EDT is calculated from Equation 1-14, which et introduced by Rydberg et al.
(1949) then modified by Straub (1956) in a discusf the paper by Koestel et al.
(1955). The acceptable range of the EDT under dloérgg mode is between -1.7 °C and
1.1 °C with an air speed less than or equal to W25 The lower boundary of the EDT,
-1.7 °C, has a good agreement with Houghten'sfda#0% of the occupants reporting
comfort (Nevins et al. 1972). On other hand, theasgimit of EDT, 1.1 °C is satisfactory,
as indicated by Koestel et al. (1955). Furthermarejaximum acceptable velocity of

0.35 m/s was recommended by Nevins and Miller (1972
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The ADPI diffuser/ grille selection guidance is adbty applied with the
characteristic length introduced in section 1.21d mternal thermal load (Miller et al.
1969, Miller et al. 1970; Miller 1971 Miller et al971; Miller et al. 1972; Miller 1979).
The ADPI of each diffuser/ grille type is descritegia function of the ratio of jet throw
length Tv to room characteristic length, Tv/L, and room load (ASHRAE - HVAC
Application 2007; ASHRAE-Fundamentals 2009). Aswshan Figure 1-8, most studies
conducted under the cooling condition found thetAlDPI has a concave-like shape via
the Tozs/L. The figure illustrates that ADPI is low whé@nazs/L is small and large, and
there is a point where a maximum ADPI is achiewildr et al. 1969, Miller et al. 1970;

Miller 1971 Miller et al. 1971; Miller et al. 197Rjiller 1979).

100 4
Impact of high
/ air speed
a
Q
<
Thermal
Stratification
0 >

Tozs/L
Figure 1-8 General ADPI profiles v&.2s/L under the cooling mode. (Miller et al.

1971) (Prepared by author referring the reference)

As an indicator of occupant comfort (John 20128,ADPI method has been used
to evaluate thermal comfort along with the predicteean vote (PMV) and predicted

percentage of dissatisfied (PPD) that involve fadditional factors: (1) the mean radiant
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temperature, (2) the relative humidity, (3) the abeldic rate, and (4) clothing insulation.
Chung and Lee (1996) reported an evaluation ofthecomfort under three ventilation
patterns in terms of PPD and ADPI. The results akad that ADPI may not be an
adequate representation of draft risk. Other ssutheestigated experimentally the jet-
flow characteristics from a high sidewall grillecaa linear diffuser (Chow et al. 1994,
Chow et al. 1996). The ADPI was found to be lingaglated to PPD for the high sidewall
grill. Several studies have attempted to correfddd| with other parameters, such as
Archimede's number, jet momentum, and supply amperature (Chow et al. 1996;
Rutman et al. 2005; Ng et al. 2008; Corgnati e2@09; Gao and Lee 2009). The ADPI
method has also been employed to optimize the desig floor-based air-conditioner

(Corgnati et al. 2009).

1.3.2.2 Updated ADPI and ADPI applications under the heating mode

The aforementioned legacy ADPI diffuser selectiaidg was mainly developed
in the 1970s, when HVAC systems that deliver wanmnathe heating mode were not
common. However, the all-air heating HVAC systems @uch more common these
days, and the systems have to meet both heatingaatithg requirements. (Krarti 2008;
Platt et al. 2010; Vakiloroaya et al. 2014). Evieough ASHRAE Standard-113 (2009)
states that “the ADPI method for mixing systemasthde applied to traditional overhead
air distribution systems under cooling operatiotygdrthe same diffusers are used for
heating in the winter. The lack of an ADPI method the heating mode often causes
underperformance of all-air delivery systems wheytare used for heating. Moreover,

in the ASHRAE Handbook (2009), only seven diffuses available. Since the 1970s,
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more diffusers have become available, and it hasrhe more popular to utilize various
diffusers depending on the situation.

Against this background, Liu et al. (2016) devebbgen ADPI method for the
heating mode by deriving an EDT formula for thethmgamode. Then, they conducted
extensive experiments under both cooling and hgatiodes in terms of ADPI to update
the database. The experiments were conducted @it the most current diffuser types,
applications that included both heating and coobpegrations, and building loads that
are typical for modern buildings. Figure 1-9 ilkaes examples of the 16 types of
diffusers. The figure shows some manufactures’ nsod¢owever, the intention of this
figure is to provide an idea of diffuser types dmdis it is not exhaustive.

To develop an ADPI for the heating mode, they fms&dicted the ADPI curves
via Tozs/L for the heating mode as shown in Figure 1-10. Whes/L is small, two
phenomena, “stagnant flow” and “thermal stratificaf” may be observed when warm
air is introduced into the space. “Stagnant flowfiich is also refereed to as “short
circuit” flow, is a phenomenon whereby the supplyshort circuits above the occupied
zone, and “thermal stratification” is whereby tlupgly air reaches the occupied zone but
creates a great vertical temperature different¢barspace. “Stagnant flow” still creates
a high ADPI because the warm air stagnates abevedtupied zone, and as the occupied
zone is less affected by the supply air, the stighair has a relatively uniform velocity
and temperature. Whél.s/L increases, a large amount of air leads to an epé&iole
air speed or “no impact of high speed.” Then, tdeyived an EDT under the heating
mode (Equation 1-16) by plotting the thermal acaepé range of the PMV (Fanger,
1970) for the cooling mode and heating mode wittegabolic rate of 1.15 Met., clothing

insulation of 0.5 Clo., and relative humidity of%0In addition, they set the following
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three criteria for the ADPI for the heating modeaft EDT ranging from -2.2 °C to 2 °C,
2) a local air speed less than or equal to 0.35 ams 3) an overall vertical temperature
gradient lower than 3 °C/m, and a local maximumperature difference between 0.1 m
to 1.1 mis less than 3 °C.

As stated in ASHRAE Standard 55 (2010), the aiedpeiterion is less than or
equal to 0.35 m/s for warm air. Occupants genegradyept an air speed greater than 0.2
m/s. Other important criteria are the vertical @mperature difference and thermal
stratification. ASHRAE Standard 55 (2010) allowmaximum vertical air temperature

of 3°C between 1.1 m and 0.1 m.
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) : Typical . Manufacture's models
Terminal device . ) Sample pictures :
installation of sample pictures
Adjustable blade grilles High sidewall Nailor:

, Model Series - 51D

Fixed blade grills High sidewall Price:
RCG - Reversible Core
Grille
—
Linear bar grilles High Price:

sidewall/Sill LBP - Linear Bar Grille

Nozzles High sidewall Price:

ND - Nozzle Diffuser

Metalaire:
Series 3000 - Round
Adjustable Diffusers

Round ceiling diffuser Ceiling

Price:
SCD - Square Cone
Diffuser

Square ceiling diffuser Ceiling

Price:

PDMC - Perforated
Face Supply Diffuser,
Modular Core

Perforated diffusers-round |Ceiling
pattern

Perforated diffusers- Ceiling Titus:
directional pattern (4-way) PCS-Steel perforated

N neck-mounted curved
blade deflectors

Figure 1-9 Sample pictures of diffuser types
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Terminal device

Typical
installation

Manufacture's models

Sample pictures of sample pictures

Louvered face diffusers-with

lip on deflector blade

Ceiling

Metalaire:

Series 5500DD -
Aluminum
Architectural Fixed
Louver Face Diffuser

10

Louvered face diffusers-
without lip on deflector
blade

Ceiling

Metalaire:

Series 5000 -

\ T / I Aluminum Directional
11! | Diffuser

11

Plaque face diffusers

Ceiling

Titus:
OMNI- Steel Plaque
Face Diffuser

12

Linear slot diffusers

Ceiling

Price:
SDS - Linear Slot
Diffuser

13

T-bar slot diffusers

Ceiling

Price:
TBD7 - T-Bar Diffuser

14

Swirl diffusers

Ceiling

Titus:
TSW-Steel square,
70\ swirl face diffuser

15

N-slot diffusers

Ceiling

Krueger:
PTBSC-Steel Plenum
VA Slot Diffuser

Figure 1-9 Sample pictures of diffuser types (amuntd)
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100 4

Stagnant flow
A / /
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g No impact of
Q high air speed
Q
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Stratification high air speed
0 y

TOAZS/L
Figure 1-10 General ADPI profiles as functionde#s/L for the heating mode. (Liu et

al. 2016) (Prepared by author referring the reiesg

Table 1-3 show the findings of Liu's research (201Bhe table shows the
acceptable air distribution (ADPI > 80%) at certainges offo.2s/L with 15 commercially
available types of diffusers under the cooling maté two different loads of 25 and 50
W/m? and heating mode at a load of 35-40W/Tine large acceptable rangesTofs/L
for several of the 15 types of diffusers implieattthose diffusers have more flexibility
in HVAC design than others. It turns out that linear grilles and linear slot ceiling
diffusers have the largest range for the heatimglition. HVAC design should take into
consideration the operation of the HVAC system unbleth cooling and heating
conditions. Therefore, this investigation compdheseffects of blade angle and deflector
adjustment on ADPI values. The findings would guml@nufacturers in improving the

design of their products to generate a more sat@faair distribution.
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Table 1-3 Ranges Gh.2s/L for various diffuser types when the ADPI is highiean
80% under the cooling and heating conditions. @tial. 2016)

(Prepared by author referring the reference)

To_25/L for
Diffuser type Mode [\Iﬁ/?g% R.I"fmgﬁ_ of maximum

02 ADPI
_ 25 0.5-1.1 0.8

. . Cooling
Adjustable blade grilles - 45° up 50 0.6-1.1 0.9
Heating| 35-40 0.6-1.0 1.0
_ 25 1.2-2.2 1.8

. _ Cooling
Adjustable blade grilles - 0° 50 1.7-2.2 2.0
Heating| 35-40 1.1-2.2 1.8
: 25 - 0.9

. . Cooling
Adjustable blade grilles - 45° down 50 - 1.0
Heating| 35-40 0.6-0.8 0.7
, 25 1.1-2.2 1.1

. . Cooling
Fixed blade grills - 15° up 50 1.2-2.2 1.9
Heating| 35-40 1.2-2.2 2.2
_ 25 1.6-2.2 1.9

. . Cooling
Fixed blade grills - 15° down 50 1.9-2.2 1.9
Heating| 35-40 1.2-2.2 1.3
_ 25 0.8-1.5 1.3

. _ _ _ Cooling
Linear bar grilles - high sidewall 50 1.0-15 1.0
Heating| 35-40 0.7-1.5 1.3
: 25 0.8-2.1 2.1

. . . Cooling
Linear bar grilles - sill 50 1.3-21 1.8
Heating| 35-40 0.6-2.1 1.8
, 25 0.9-2.2 0.9

. . Cooling
Nozzles - high sidewall 50 0.9-2.2 0.9
Heating| 35-40 1.2-1.9 15
_ 25 0.5-2.3 1.8

. _ Cooling
Round ceiling diffuser 50 0.7-2.3 2.2
Heating| 35-40 1.4-2.1 2.1
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Table 1-3 Ranges Gh.2s/L for various diffuser types when the ADPI is highiean
80% under the cooling and heating conditions. @tial. 2016) (continued)

(Prepared by author referring the reference)

Range of Tozs/L for
Diffuser type Mode Loads T g/L maximum

02 ADPI
_ 25 1.0-2.6 2.1

. : Cooling
Square ceiling diffuser 50 1.0-2.6 2.6
Heating| 35-40 2.1-25 25
_ 25 0.6-2.4 1.9

. Cooling
Perforated diffusers - round pattern 50 0.8-24 1.9
Heating| 35-40 2.0-2.5 2.5
_ o Coolin 25 0.7-3.0 3.0
Perforated diffusers - directional g 50 0.7-3.0 30

pattern

Heating| 35-40 2.4-2.9 2.4
, 25 1.4-4.7 3.0

_ L Cooling
Louvered face diffusers - with lips 50 1.4-4.7 15
Heating| 35-40 2.6-3.3 3.0
_ 25 1.0-3.3 3.3

: . .| Cooling
Louvered face diffusers - without lips 50 1.0-3.3 1.0
Heating| 35-40 2.4-3.3 3.3
_ 25 1.0-2.2 2.2

. Cooling
Plaque face diffusers 50 1.0-2.2 1.3
Heating| 35-40 2.1-2.6 2.3
_ 25 1.1-3.4 2.8

. . Cooling
Linear slot diffusers 50 1.1-35 2.5
Heating| 35-40 2.1-34 2.9
, 25 1.2-2.2 1.2

. Cooling
T-bar slot diffusers 50 1.2-1.8 15
Heating| 35-40 1.8-2.1 2.1
_ 25 0.4-1.7 1.7

- Cooling
Swirl diffusers 50 0.4-1.7 1.7
Heating| 35-40 1.4-1.7 1.7
: 25 1.4-2.4 1.8

) Cooling
N-slot diffusers 50 1.4-24 1.8
Heating| 35-40 1.5-2.4 2.1
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1.4 Structure of the present thesis

The contents and structure of the present thesistaown in Figure 1-11. This
thesis consists of the following five chapters:

In Chapter 1, “Introduction,” the objectives ofshiesearch are formulated with a
background description and review of relevantditere. This chapter introduces current
ventilation methods, indices related to ventilateffectiveness, and diffuser selection
methods. A review of previous studies on ventilatedfectiveness in terms of mixing
ventilation and ADPI is also provided.

In Chapter 2, “Experimental Study on Air ChangeecEfiveness in Mixing
Ventilation,” experimental measurements in a feke test room with various types of
diffusers, air flow rates and internal loads toleate the air change effectiveness and
the temperature effectiveness are described. Thgmsriments were conducted for both
heating and cooling cycles, though there was arhasip on the heating mode. All
diffusers tested showed similar results, althoughaliffuser had a unique shape. The
ranges of air change effectiveness and temperatigetiveness were examined within
the recommended rangeTaf2s/L regarding ADPI. The studies provided fundamental
diffuser performance data that considers both taEoomfort and ventilation
effectiveness.

In Chapter 3, “Improving Ventilation Effectivenessder the Heating Mode,”
experimental measurements of the ADPI, air charftgctereness, and temperature
effectiveness in a same full-scale test room aszriged. The experiments examine
simple strategies for overcoming the challengespodr ventilation under heating
conditions while maintaining an acceptable ADPleTstrategies include the use of

diffuser deflector adjustment with linear slot déers and adjustable blades grills, room-
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supply air temperature difference with verticamflof linear slot diffusers, and exhaust
locations with adjustable blade grills. In additidrprovides new diffuser selection data
in the form of ADPI values for diffusers with a tieal jet projection (vertical flow).

In Chapter 4, “Assessing Measuring Procedure fontNégion Effectiveness,”
extensive experiments on mixing ventilation thatreveonducted in the same test
chamber are described. The experiments examineuettieal, horizontal and overall
variance of local air change effectiveness to eatalwhether a more practical evaluation
of ventilation effectiveness would be possible aéiver measuring points were used.
Furthermore, they analyzed the correlation of tlareffectiveness and air change
effectiveness as an alternative method for intéirpyeair change efficiency.

In Chapter 5, “Conclusive summary,” the resultscdégd in each chapter are

summarized.
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Chapter 1
Introduction
Current diffuser selection Various procedures for
methods do not consider measuring ventilation
ventilation effectiveness effectiveness

Chapter 2

Experimental Study on Air Change Effectiveness

Evaluation of air change effectiveness and temperature
effectiveness of the most common types diffusers under both
cooling and heating regimes.

- Range of ventilation effectiveness

- Range of temperature effectiveness

Chapter 3

Improving Ventilation Effectiveness under the Heating Mode

Evaluation of strategies for improving air change effectiveness
and temperature effectiveness under the heating regime.

- ADPI evaluation with vertical flow

- Diffuser adjustment

- Room supply temperature difference

- Return air inlet locations

Chapter 4

Assessment of a Ventilation Effectiveness Procedure

Assessing a procedure for evaluating air change effectiveness.
- Variances in air change effectiveness
- Correlation of air change effectiveness and
temperature effectiveness

Chapter 5

Conclusive Summary

Figure 1-11 Structure of the research
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Nomenclature

A

Ai ,corr

ADPI
Ca
Ce
Ci,avg
Cn.

Cimean

Cout

C(1)
Co
DV

EDT

Ei
Elow

Enigh

PMV

PPD

Age of air at a location(ASHRAE)

Corrected age of air

Age of air in exhaust air stream (ASHRAE)

Air diffusion performance index

Average occupied zone pollutant concentration
Contaminant concentration in the exhaust
Time-averaged tracer gas concentration at locat@tweendart andtsop
Standardized occupied zone concentration (SHASE
Mean concentration of contaminant in the room
Pollutant concentration assuming perfect mixing
Supplied air pollutant concentration

Decayed concentration measured at time

Initial concentration of tracer gas at the tinse0
Displacement ventilation

Effective draft temperature

Air change effectiveness, arithmetic meaikiah occupied zone
Local air change effectiveness

Air Change effectiveness, arithmetic mean in fane
Air change effectiveness, arithmetic mean in higime
Characteristic length

Sound pressure level

Predicted mean vote

Predicted percentage of dissatisfied
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Qexm

Jo

Ta
Tea

Ti

TsA
To2s
<T>o0
tstop

start

Vi
(T)

n

(Tp)
Ir

(Ty)

Airflow rate in exhaust airstream

Minimum and maximum allowable flow rate
Ventilation flow rate

Spacious average temperature (EDT)
Exhaust air temperature

Temperature at a location

Supply air temperature

Terminal velocity value of 0.25 m/s

Average temperature in occupied space
Time of the final tracer gas measurement
Tracer injection is stopped at the beginningater gas decay
Room air volume

Local air speed (EDT)

Room mean age of air

Nominal time constant

Local mean age of air at locatipfREHVA)
Spatial average of the local mean ages of air
Actual air change time.

Arithmetic average of the age of air measurdar@athing level
Air change efficiency

Contaminant removal effectiveness

Local air change index

Temperature effectiveness
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Ape
ATo

AT

Measured trace gas concentration at steady state
Total pressure difference over the diffuser
Maximum temperature difference between returamad supply air

Exhaust air and supply air differendea-Tsa
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2.1 Introduction

The use of the ADPI as diffuser selection methallbeen updated and
expanded to heating by Liu et al. recently. Howetlgs new updated cooling and
heating ADPI concept considers only temperaturéumity and drafts caused by high
velocity. The ADPI does not take into account tin@act of thermal stratification and
low ventilation effectiveness in all-air heatingsggms. This may be taken into account
by just a single correction factor in ASHRAE Stamtlé2.1 (2010). Combining the
ADPI with this correction factor does not alwaysutk in the optimal diffuser selection
that considers both thermal comfort and ventilagfiectiveness. For example, when
the throw is too short, the jet may detach fromdéiding and increase draft risk under
cooling conditions. Furthermore, a short throw angay cause inadequate mixing,
resulting in a high temperature gradient and lawgaality under heating conditions. It
is necessary to have some momentum of flow to vlatdequate mixing in the occupied
zone. However, a very large supply jet momentum gexerate a draft when the flow
rate is above a certain level. The temperaturewiffce between return and supply jets
should also be restricted, as a high-temperatdiereince may cause either a draft
and/or a large vertical temperature stratificativat results in inefficient energy use.
Few studies have focused on ventilation effectigerveith mixing diffusers used for
space heating, although all-air-heating ventilateowidely used (Muller et al. 2013). A
comprehensive design process for diffuser seleamhpositioning that considers both
thermal comfort and ventilation effectiveness atsame time is needed.

Therefore, the objective of this chapter is to mevdata for guiding the design
of air distribution systems for several of the mamthmon types of ceiling diffusers

when used for both the (1) cooling and (2) heategimes. The studied diffuser types
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are as follows: linear slot diffuser, round ceilidiffuser, louvered face diffuser with no
lip and perforated diffuser directional patternwdy). The study defines the operation
range for diffuser selection when considering &aA@PI, ventilation effectiveness,

and temperature effectiveness.

2.2 Methodology

The study utilized an experimental test room wahious diffusers. Section
2.2.1 introduces the test chamber and diffuserg usthe experiments described in this
chapter. Section 2.2.2 explains the tracer gasydesa methodology. Then, the
calibration of experiments, including the uncertain experiments, is examined in

2.2.3. Finally, Section 2.2.4 shows the experimangtrix.

2.2.1 Test chamber and tested diffusers

The study used experimental measurements takerulh-scale test room with
dimensions of 5.5 m x 4.5 m x 2.7 m and a soplatgdt HVAC control system (Figure
2-1) at the University of Texas at Austin, USA. 8ittd technical specifications for this
indoor environment related research facility caridaend in a previous publication (Liu
et al. 2014). Figure 2-2 shows the chamber geomefny sensor positions. The
experimental setup allowed different diffuser mangppositions: round ceiling, louvered
face and perforated diffusers, and linear sloug#fs. Cooled panels with a total area of
10.8 nt covered one of the room walls, simulating a coiddow surface in winter. The
panels were connected to the dedicated chilleesysand the temperature of the panels
was adjusted to simulate various heating loadssifriulate cooling loads, when the

diffuser supplied cooled air, adjustable electeaters were installed throughout the test
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room to mimic the cooling load of the room occugacbmputers, lighting fixtures and
floor heat patches due to transmitted solar razhaflhe electric heaters were controlled
to achieve the target supply and exhaust air teatyper differenceAT = Tsa — Tea). The
electric heaters were turned off under heating itmms$, and the cooled panels were
turned off under cooling conditions.

Figure 2-3 shows the four different tested diffgsere., the linear slot diffuser
(Price: model SDS75), round ceiling diffuser (Mated: model 3000-1), louvered face
diffuser with no lip (Metalaire: model 5000-1), aperforated diffuser directional pattern
(4-way) (Titus: model PCS). Linear slot diffusensdaperforated diffuser directional
pattern (4-way) can be made to provide varioudoawfpatterns by adjusting their
deflectors. The deflectors were adjusted to blovimuizontally for this experiment. For
the linear slot diffusers, by-pass leakage wasege@igure 2a-2) to prevent air bypass,

which is typical for slot diffuser (Liu et al. 2015%nd achieve an ideal flow pattern.

Chiller ¢ P Cutdoor

{Roof) Ajr

== Exhaust

e

=
i

]
: |
——— —I

: . Te \?‘FD@;
Chiller ES, =
—
Environmental l Taoar

Chamber

L
| | Cooling | |
Coil

ﬂ Cocled Pznels

Figure 2-1 HVAC system for environmental control
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perforated diffuser

S L ® Exhaust
Cl & O ‘
= @ . L 2 ) L 2 3 L 2 |8:| D O Electric heater (Floor stand)
§ - | | | | ] Electric heater (Ceiling mounted)
. O
o n =3 Mixing fan (Floor stand)
E n:gnmo“ CO, concentration (+0.9m, +1.5m)
1nn g IE] 5 4 % A Temperature (+0.1m, +0'.6m, +1.1m,.+1.4m,
© D +1.8m, +2.2m, Supply air, Exhaust air)
S £ . Note: Electric heater also placed on the entire floor
© R
i 7 ¢ 8 ¢ 9 ¢ ——
g § O |8| N, high g é

2200

1800

Cooled Panels

1, jow
700 | 1200 | 700 | 1200 | 700
2250 | 2250
1700 | 1150 | 1150 | 1100 L2050 |
4500 800 | 1750 | 1750 | 1200
5500

Figure 2-2 Experimental setup of the test room:cthember geometry, diffuser

locations, and sensor positions
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Figure 2-3 Tested diffuser types and flow adjustimen
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2.2.2 Tracer gas decay test

The tracer gas decay test using2G@® tracer gas was conducted to measure air
change effectiveness. The decay of the: @Gncentration was measured by in-situ
sensors (TELAIR model 7001, range 0 to 4000ppmagaltoutput, Accuracy: + 50 ppm
or 5 %) at 18 locations simultaneously. The seng@® positioned across the room at
two different horizontal planes, 0.9 m (low measgrplane) and 1.5 m (high measuring
plane), above the floor (Figure 2-2 provides thactxensor locations). The tracer gas
was injected into the supply air duct and the gaead though the target space. Three
powerful mixing fans (Lasko Box Fan, Model # B2026b6 cm x 11 cm x 57 cm) ensured
the tracer gas mixed throughout the space whileveas released into the space. Tracer
gas injection was stopped after the concentratioth® gas in the space increased to
around 2000 ppm. The mixing fans were stoppedlea hffter the termination of tracer
gas injection to make sure the remaining gas irstipply air duct flowed to the target
space. The concentrations of the tracer gas atéasuring points were monitored during
the experiment to confirm that the tracer gas wamby distributed and that all injected
gas was supplied to the space before stopping iRegnfan. In addition, vertical
temperature distributions at 0.1 m, 0.6 m, 1.1 ¥ M, and 1.8 mTp.1, Tos, T11, T1.4 and
T18), and the supply and exhaust temperatures wersurexh The vertical temperature
distribution was simultaneously measured at onatioo. The Air change effectiveness
and temperature effectiveness were utilized as@sdof experiments described in this
chapter. Refer to Chapter 1 section 1.2.2.3 antloset.2.3 for more details about the

indices.

2-7



Chapter 2 Experimental Study on Air Change Effestess

2.2.3 Pre-tests — calibration and experimental setp checks

Before conducting the set of full-scale experimegtiits validity of the
experimental procedure and the set-up for localodigér measurements were
determined through a group of perfect mix testssawekral repetitive experiments. In
the perfect mixing test, the air change effectiwsnend variances in the local air change
effectiveness were analyzed. In addition, the uag#y in the set of experiments was

evaluated through the results of repetitive expents and an uncertainty analysis.

2.2.3.1 Perfect mix tests

The perfect mix tests were conducted as contrts tegprovide reference
results. A perfect mix was achieved by placingéhadditional mixing fans (Lasko Box
Fan, Model# B20200, 55 cm x 11 cm x 57 cm) in @, which ensured that air
mixing would occur throughout the space (Figuré 2aid the mixing fans were
operated throughout the experiments. A total dfittogses with different air flow rates
were studied. Table 2-1 shows the air change effretss ), standard deviation
(STDV) of local air change effectivene$s)( and temperature effectiveness)(in
each experimen¥ in the table indicates the air flow rate of exiiauzdculated from the
measured age of exhaust air for each experimestEMalue was close to 1.00 with a
minimal standard deviation in all caséswas also close to 1.0 for all experiments.
These results reveal that the experiments wereowmatrolled, and the local C@ecay

measurement (needed for local age of air calculpti@s valid.
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Table 2-1 Results of the perfect mix test

Case V[m3h] E[] STDV of Ei [] &t

P-1 69 0.98 0.01 1.02
P-2 152 0.98 0.02 1.02
P-3 221 1.00 0.02 1.02
P-4 301 0.98 0.02 1.02
P-5 381 1.01 0.02 1.00
P-6 390 0.98 0.03 1.01
P-7 474 1.00 0.04 1.02
P-8 566 0.97 0.04 1.00

2.2.3.2 Uncertainties in the measurements

The uncertainty in measurements of ventilationativeness depends on several
factors such as an accuracy of the instruments ageiow adjustment, pressure
balancing, etc. In general, ASHRAE Standard 12922@iscusses various factors that
cause significant measurement errors. The totangoty in the measured valueskof
was assumed to be approximately +16%, and it meatiahat this can be considered as
maximum uncertainty in the measured value. Cul.¢2815)showed the uncertainty of
the CQ tracer gas decay method for measuring air chargerate related to sensors
and the calculation method. The uncertaintiesedl& various in-situ C£sensors
were 5% for most of them, 5% for multi-points ca#tions, and 12% for two-point
calculations. The total uncertainty also includeel ¢ontribution of the experimental
procedure and overall experimental set-up. Theracgwcan be assessed by comparing
repeated experiments. Table 2-2 shows the uncsriaimir change effectiveness

calculations from seven sets of repeated expergné&hie local air change effectiveness
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(Ei), air change effectiveness at the low measuringg@Eiow), air change effectiveness
at the high measuring planénih), and the overall air change effectivendSswere
compared. Differences between repeated experiments computed as a percentage.
All difference values in percentage &y Eiow, Enigh andE were rearranged in
ascending order, respectively. The minimuth, Z8", 50", 75", and 9% percentile,
maximum, and average values are shown in the tabkuncertainty o was 6% on
average and 14% in 9%ercentile. Overall, the uncertainty®fvas 6% on average

and at most 11%k&iow andEnigh had similar averages and maxima.

Table 2-2 Uncertainty in air change effectiveness

Min. | 5" | 28" | 50" | 75" | 93" | Max. | Ave.
E (N=122) 0 1 3 5 9 14 19 6
Eow (N=7)| O - - 7 - - 12 6
Ehigh (N=7) 1 - - 4 - - 11 5
E (N=7)| O - - 4 - - 11 6

* N = Number of the data compared

** #in percentile

2.2.4 Experimental matrix

Table 2-3 shows the experimental conditions. Theegrments were conducted
under both heating and cooling conditions with fdifferent diffusersTo.s/L, and
internal loads. Each set of experiments had sulb$e@riousTo2s/L values. For

example, cases 1-9 had subset$of/L as 1.2 (case 1), 1.6 (case 2), and 1.8 (case 3).

2-10



Chapter 2 Experimental Study on Air Change Effestess

The air change rates are also shown in parentfegsisference. Overall, 85
experiments were conducted: 59 cases for heatid@@rmases for cooling. The internal
loads ¢T) indicate differences between supply air tempeeaflss) and exhaust air
temperatureTga). The cooled panel temperature mimicked a coolediow in the
experiment where the diffuser operated in the hgatiode (Figure 2-2). Furthermore,
electric heaters associated with devices that nkgienternal heat gains (indoor
occupants by cylinder heaters, computers by botehggdamps by ceiling heaters, and
floor heat by floor heater respectively) were colhd to achieve the targdi. The
electric heaters were turned off in heating condgj and the cooled panels were turned
off in cooling conditions. Mixing fans were used@®; was injected into the test space,
and they were stopped after sufficient£®@d been injected as described in section

2.2.2.
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Table 2-3 Experimental conditions

_ TozdL [ Internal load
Case # Diffusers (Air change rate [f]) (AT—[IEA]-TSA)
Heating Conditions
Linear slot diffusers | 1.2 (1.1), 1.6 (2.1), 1.8 (3.0), 1.9
1-9 | (2 slots) (3.3),2.3(4.5),2.6 (5.8),2.9 -5
(6.9), 2.9 (7.2), 3.2 (8.
Linear slot diffusers | 0.9 (2.1), 1.1 (2.7), 1.4 (3.2), 1.9
10-17 | (4 slots) (4.5), 2.2 (5.8), 2.5 (6.9), 2.5 -5
(7.2), 2.7(8.7)
18-23 Linear slot diffusers | 1.6 (2.1), 2.0 (3.3), 2.6 (5.7), 2.6 2
(2 slots) (5.8), 2.9 (7.2), 3.2 (8.6)
24-29 Linear slot diffusers | 0.9 (2.1), 1.4 (3.3), 1.9 (4.5), 2.2 2
(4 slots) (5.8), 2.5 (7.2), 2.7 (8.6)
30-35 R_ound ceiling 0.7(2.1),1.0(3.3),1.2(45),14 8
diffusers (5.8), 1.7 (7.2), 2.0 (8.6)
36-41 F\’_ound ceiling 0.7(2.1),1.0(3.8),1.2(4.6),1.4 5
diffusers (5.8),1.7 (7.2), 2.0 (8.6)
42-48 F\’_ound ceiling 0.7 (2.1),0.7 (2.2),0.9(3.3), 1.2 D
diffusers (4.4),1.4 (5.7),1.7 (7.2), 2.0 (8.6)
49-53 L_ouvered che - 11.8(3.0),2.0(3.9),2.1(4.2), 2.6 5
diffusers without lip | (6.3), 3.5 (9.4)
Perforated diffusers
N 0.8(2.1),1.4(3.3),1.8(4.5), 2.2
54-59 | directional pattern -2
(4-way) (5.8), 2.4 (7.2), 2.7 (8.6)
Cooling Conditions
60—64 Linear slot diffusers | 1.6 (2.1), 1.9 (3.3), 2.3 (4.5), 2.6 8
(2 slots) (5.8), 3.2 (8.6)
65-69 Linear slot diffusers | 0.9 (2.1), 1.4 (3.3), 1.9 (4.5), 2.2 8
(4 slots) (5.8), 2.7 (8.6)
70-75 R_ound ceiling 0.8(2.3),1.0(3.3),1.1(4.4),1.4 8
diffusers (5.5), 1.9(8.3), 2.0 (8.6)
76-80 Lpuvered fgce Y (2.2),1.9(3.3),2.1(4.4), 25 3
diffusers without lip | (5.8), 3.3 (8.6)
Perforated diffusers
81-85 | directional pattern 0.8(2.1), 1.4 (3.3), 1.8 (4.5), 2.2 8

(4-way)

(5.8), 2.7 (8.6)
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2.3. Results
This section examines the results of experimentsrims of the performance
indices explained in section 2.2.2. The resultssaremarized for diffusers operating

under (1) heating conditions and (2) cooling cands.

2.3.1 Heating experiments
This section shows the results related toBt@ndéT under heating conditions as

well as the influences of different internal loadaseach diffuser.

2.3.1.1 Air change effectiveness and temperature fe€tiveness under heating
conditions

Figure 2-4 shows the resultsBtunder heating conditions with an internal load
(room- supply temperature difference)f = -5 °C . Besideg, Figure 2-4 shows the
ADPI value from the Liu and Novoselac study (20&6)the right side of the y-axis for
reference. For the ADPI value, the unfilled marndicate high thermal stratification,
with a vertical temperature gradient higher th&&3er meter. As analyzed in Liu’s
study (2016), the highest ADPI was found for lowad highefTo2s/L values.The
recommended range ®6.2s/L with regards to the ADPI (ADPI higher than 80%reie
after the recommended range) under the heating madeded the high temperature
gradient. A thorough detailed analysis and disaussf the results of the ADPI can be
found in Liu’s study (2015, 2016). The recommendiatye is also indicated in the
graph. For thé& value, the solid marks indicate that e values were at most 8 °C
higher than the average occupied space tempel@tlire). The unfilled marks indicate

thatTsa was at least 8 °C abovdal>o.
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The results reveal that the valuebowvithin the recommended rangas from
0.56 to 0.87. A similar tendency was found amonhdiélisers tha€ significantly
decreased whefv.2s/L was smaller than the recommended range. At the siame,
thermal stratification was also high in most cas®Esa was 8 °C or higher thanT>o.
The smallesk was approximately 0.42 among all tested diffuserear slot diffusers
and perforated diffusers directional pattern (4wasg the loweE values at the
minimum To.2s/L within the recommended range. Linear slot diffadsad the highe&
at the maximunTo.2s/L within recommended rangE.sharply increased &s.2s/L
increased. To maintaig around 0.8 as noted in ASHRAE Standard 6R1s/L should
remain higher than 2.7 for linear slot diffuserg, for round ceiling diffusers, and 3.2
for louvered face diffuser without lips. Perforatitfusers directional pattern (4way)

did not achievé of 0.8, and the maximum air change effectivenesad was 0.72.
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Figure 2-4To2s/L vs. air change effectiveness (left side y-axig) ADPI from Liu’s

(2016) experiments (right side y-axis) under heptionditions withT = -5 °C. a)

Linear slot diffusers: cases 1-17; b) round ceitiifusers: cases 36—41, c) louvered

face diffusers without lip: cases 49-53, d) petidaiffusers directional pattern (4-

way): cases 54-59
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Figure 2-5 shows the results&funder heating conditions withil = -5 °C.
Overall, the value of T within the recommended rangas from 0.56 to 0.75. The
range oféT was very similar between the linear slot, rounitingg and louvered face
diffusers.&1 for the perforated diffuser was slightly smallean those of three diffusers.
Similar to thek, &rincreased aso.2s/L increased within the recommended rage.
However & slightly increased ao2s/L decreased below the recommended value. The
results indicate that whéf2s/L became smaller than the recommended rahge
dominant factor that characterized the mixturehefd¢pace gradually changed from the
supply jet from the diffuser to the down draft caadidy the cold wall surface. This
down draft caused high thermal stratification ia pace. HowevenT also slightly
increasedisTozs/L decreasedAs érshows the ratio Ofsa - TeaandTsa - <T>o, the
different ratio of the gradual increaseTak - Tea andTsa - <T>o caused a slight

increase irer.
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Figure 2-5Tozs/L vs. Temperature effectiveness under heating dondiwithAT = -
5 °C. a) Linear slot diffusers: cases 1-17; b) boiling diffusers: cases 36—41; c)
louvered face diffusers without lip: cases 49-3Bedorated diffusers directional

pattern (4-way): cases 54-59
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2.3.1.2 Effect of internal load on air change efféiweness and temperature
effectiveness

Figure 2-6 showg& andé&r of linear slot diffusers under the heating cornais
with low and medium internal load that requiredmesupply temperature differences
of-2 and -5 °C, respectively. For the safaes/L, bothE andé&r were higher under low
load than under medium load. The largest valuekedt were 0.87 and 1, and they
achieved under the medium load aod loadconditions. For the low load conditions,
E was in the 0.65 to 1.00 range afidvaried from 0.77 to 0.95 within the recommended
range. The differences between the low and medoawh tonditions were minimal
whenTozs/L was less than 1.5. A possible explanation forithibat, for cases where
To2s/L was less than 1.5, down draft from the cold watfeste became the dominant
force, which did not make significant change&tof the space. Whefv.2s/L was
greater than 2.5 was close to 1. Howevaeft was approximately 0.8 whélins/L was
2.5 and it increased ds2s/L exceeded 2.5. An increaseénwas also observed in the
low load condition wheifo2s/L was between 1.5 to 2.5; the increasé&riwith higher
To2s/L for low load condition than in the medium load dition may be due to a

smaller buoyancy effect that caused better miximgeu the low loadondition.
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Figure 2-6To2s/L vs. air change effectiveness and temperaturetaf@aess of linear
slot diffusers under heating conditions with diffiet4T (cases 1-17 and cases 18-29).
a) Tozs/L vs. air change effectiveness (left side y-axig) ADPI (right side y-axis), b)

To2s/L vs. temperature effectiveness

Figure 2-7 showg& andé&r for round ceiling diffusers under heating condiso
with low, medium, and high internal loads at ro@mperature differences af = -2, -
5 and -8 °C, respectively. Bothandé&t were higher under low load conditions than
under medium load conditions and higher under nmmedaad condition than under high
load conditions for the sanTe.zs/L within the recommended range. The largest values
of E were 0.95, 0.85 and 0.73 under low, medium, agt liad conditions,
respectively. Under low loacbnditions E was near 1, which is within the
recommended rangE.sharply decreased whé@nzs/L decreased such that it was
outside the recommended rangeslightly increased (from 0.80 to 0.86 within the
recommended range) whitestayed close to 1. The lowdstvas about 0.35 at&.2s/L

value of 0.6 under high load conditions. The défeze between varioufl values was
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minimal around &o.2s/L value of0.6. It was interpreted as the transition pafftof the
medium and high load conditions were almost sanveh@n To.2s/L was smaller than

the recommended range.
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Figure 2-7To2s/L vs. Air change effectiveness and temperature @ffseess of round
ceiling diffusers under heating conditions withfelientAT (cases 30-35, cases 36—41,
and cases 42-48). &)2s/L vs. air change effectiveness (left side y-axis) ADPI

(right side y-axis), bYo2s/L vs. temperature effectiveness
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2.3.2 Air change effectiveness and temperature et&veness under cooling
conditions

Figure 2-8 shows the resultsBtnder cooling conditions with internal loads of
AT =8 °C. The right side of the y axis with the tgéenplots show ADPI values from
Liu's study (2016) for reference. The recommendedye is also indicated on the
graph. The results revealed tlatvas in the range of 0.98 to 1.16 within the
recommended rangE.was greater than or equal to 1 under all coolomddions.E
was slightly larger wheto2s/L decreased. This might be because the jet from the
diffuser detaches from the ceiling and dives ih @¢ccupant zone whéia.2s/L is
small. AsEi was measured in an occupant zone, this jet detahaffect produced
slightly higherE values. However, it should be noted that a shoowhength tends to

decrease ADPI by increasing draft risk.
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Figure 2-8 ©b.29L vs. air change effectiveness (left side y-agisjl ADPI from Liu’s
(2016) experiments (right side y-axis) under caplonditions witldT = 8 °C. a)
Linear slot diffusers: cases 60—69, b) round cgitliffusers: cases 70-75, c) louvered
face diffusers without lip: cases 76-80, d) petiaiffusers directional pattern (4-

way): cases 81-85

Figure 2-9 displays the results&funder cooling conditions with an internal
load of4T = 8 °C. Overall,&T was in the range of 0.92 to 1.11 within the recended

range. Similar toE, & was slightly higher whemo.2s/L was small, and it decreased as
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To2s/L increased. The results for round ceiling diffusrew the smallest slope among

the four tested diffusergr was close to 1 for every measuieds/L.
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Figure 2-9To2s/L vs temperature effectiveness under cooling camaitivithAT = 8 °C.
a) Linear slot diffusers: cases 60—69, b) rountingediffusers: cases 70-75, )
louvered face diffusers without a lip: cases 76-eB(perforated diffusers directional

pattern (4-way): Cases 81-85
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2.4 Discussion

Tables 2-4 and 2-5 provide the range& @nd&r within the recommended
range ofTo.2s/L in terms of ADPI for the heating mode and coolingde. The tables are
intended to to provide HVAC designers with guidafareselecting diffusers and air
flow rates for air systems that provide both heptind cooling. The data shown for
heating in the table are from the cases in whiehtypical internal load igT = -5 °C
(medium loads condition). The range of loads [W/Aor E and&r within the
recommended range ®6.2s/L were calculated fromT and the air flow rate of the
exhaust air stream. The experiments in this stseyl @ slightly different range of
internal loads than the previous experiments ferABDPI study (Liu et al. 2016). This
is because the experiments aimed to control rogplguemperature differencdT) to
examine effects of thermal stratification on EneThis targetT produced slightly
lower loads than those used in the previous ADiRdystHowever, the results between
ADPI, E, andér in Table 2-4 are still comparable, because themesended range of
ADPI is valid for smaller loads (smaller that 30\A0NY, indicated in Table 2-4) as the
ADPI only increases with a decrease in the thetozls.

The results in Tables 2-4 and 2-5 reveal thatradlyzed diffusers have similar
performance when considering loads dneb/L. Both E andé&t increased a$o.zs/L
increased under heating conditions and slightlyebsed a3o.2s/L increased under
cooling conditions. The results also revealed ithatpossible foiE to decreases to less
than 0.8, as mentioned in SHRAE Standard 62.1 (R2@/@n whesa is at most 8 °C
higher thark T>0. A wider range offo.2s/L was allowed under cooling conditions than
heating conditions, meaning that a smaller range sfL value is accepted under

heating conditions than would be accepted unddingpoonditions. However, the air
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change effectiveness may significantly decreasenwhes/L is small under heating
conditions. The perforated diffuser directionalteat (4-way) showed slightly low&
andé&r under heating conditions. The linear slot diffssead a greater range for air
change effectiveness under heating conditionscéoling conditionfE andé&r were
close to or higher than 1 (within recommended ranggardless of the diffuser type.
Mixing ventilation systems are utilized in varidd¥ AC systems such as a
valuable air volume (VAV) system with constant slydpmperature or constant air
volume (CAV) system with variable supply air temggdere. In most buildings, the same
all-air system is used for both heating and coolargl the cooling load is the dominant
factor for sizing the coils, fans, ducts and difftss consequently, the diffusers are
usually selected with consideration of only thelc@pmode. However, the range
capable of achieving good mixing under the heatimggition is not as wide as that in
the cooling mode. This chapter provides fundamelata on diffuser performance
under both heating and cooling conditions. HVACiegsdesigners should carefully
select not only the diffusers but also an air flate, a supply air temperature, and a
control sequence that can achieve better air cheffigetiveness and thermal comfort

with optimal use of energy under both the coolind heating modes.
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Table 2-4 Ranges of air change effectiveness anpgdgature effectiveness within the

range of recommendél@.s/L in terms of ADPI (Heating)

Recommended range

of Tozs/L regarding

-

Range ofE andé&r within
recommendedos/L regarding ADPI

Diffuser type ADPI
Toos/ L Loads E ET Loads
[-] [W/m?] [-] [-] [W/m?]

Linear slot diffusers 2.1-3.4 304D 0.57-0.87 006B5 20-31
Round ceiling 1.4-2.1 | 30-40| 0.68-0.85 0.66-0.72  24-30
diffusers
Louvered face 24-33 | 30-40| 0.66-0.81 0.65-0.74 26-33
diffusers without lip
Perforated diffusers
directional pattern 2.4-2.9 30-40 0.56-0.72 0.58-0.65 27-30
(4-way)

Table 2-5 Ranges of air change effectiveness angdmture effectiveness within the

range of recommendéid.2s/L in terms of ADPI (Cooling)

Recommended rang
of To2s/L regarding

11%}

Range oE andér within
recommendedo2s/L regarding ADPI

Diffuser type ADPI
Toos/ L Loads E &r Loads
[-] [W/m?] [-] [-] [W/m?]

Linear slot diffusers 1.1-3.5 25-50 1.12-1.05 10198 14-69
Round ceiling 05-23 | 2550, 1.08-1.03 1.03-097 17-66
diffusers
Louvered face 1.0-3.3 | 25-50| 1.05-0.94 1.03-0.92 17-62
diffuser with no lip
Perforated diffuser
directional pattern 0.7-3.0 25-50 1.16-0.98 1.07-0.98 17-63
(4way’
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2.5. Conclusion

Experimental measurements in a full-scale teshra@re conducted with
various types of diffusers, air flow rates, aneinal loads to evaluate the air change
effectiveness and the temperature effectivenesssé axperiments were conducted on
both heating and cooling cycles, though there wasnaphasis on the heating mode. All
diffusers tested showed similar results, althowsghaliffuser had a unique shape.
Under the heating mode, the ranges of air charfgetefenes€ and temperature
effectivenesgr were 0.56 to 0.87 and 0.58 to 0.75, respectivalimng within the
recommended range ©6.s/L with regard to the ADPI. A significant decreasé&iwas
found to occur wheilo2s/L was small. Botle andér increased agT became close to
isothermal flowUnder the cooling mode, the range€aindér were 0.98 to 1.12 and
0.92 to 1.11, respectively, falling within the resmended range. Relatively good
mixing was found under cooling conditions.

The studies provided fundamental diffuser perforoeattata that considers both
thermal comfort and ventilation effectiveness. Téuege capable of achieving good
mixing under the heating condition was significgrsinaller than the range for the
cooling mode. Not just diffusers, but also facteush as air flow rate and supply air
temperature should be carefully designed in alkraating and cooling systems in order

to achieve good mixing and thermal comfort.
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Nomenclature

ADPI
To2s
L

E

Ei
Elow
Enigh
&t
Tsa
Tea

Ti
<T>o0
AT
STDV
VAV

CAV

Air Diffusion Performance Index

Terminal Velocity Value of 0.25 m/s

Characteristic Length

Air Change Effectiveness, Arithmetic MeanEpiin Occupied Zone
Local Air Change Effectiveness

Air Change Effectiveness, Arithmetic Mean in Iplane
Air Change Effectiveness, Arithmetic Mean in higane
Temperature Effectiveness

Supply Air Temperature

Exhaust Air Temperature

Temperature at a Location

Average Temperature in Occupied Space

Exhaust Air and Supply Air Differenc@ga-Tsa
Standard deviation

Valuable Air Volume

Constant Air Volume
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3.1 Introduction

In Chapter 2, extensive experiments on air charigetareness ) in mixing
ventilation were conducted. These data combineld #hi¢ results from the recent ADPI
study (Liu et al., 2016) provided comprehensiveadset on diffuser performance
considering both the uniformity of the temperatfieédd and range oE in the both the
cooling and heating applicationk. and temperature effectivenes%)(were slightly
higher than 1.0 in the cooling applications. Howeva the heating applicatiorg
significantly decreased at smails/L even though ADPI was within the acceptable range
(ADPI higher than 80%); this lo value is due to the short circuit of the supply Bi
within the acceptable ADPI range Tf2s/L (recommended range) was 0.56 to 0.87. This
short circuiting of hot air puts the performancémany diffusers in a range that is lower
than the specified value in ASHRAE standard 6E.%,0.8.

To overcome the challenges of poor ventilation wurftsating conditions, this
chapter examines simple strategies that may impEcwedér under heating conditions,
while maintaining an acceptable ADPI; specificaltyevaluates the impacts of diffuser
deflector adjustment in linear slot diffusers adguatable blades grills, room-supply air
temperature difference of linear slot diffusershwiertical flow, and exhaust locations of
adjustable blade grills. In addition, it providesandiffuser selection data in the form of
the ADPI for diffusers with a vertical jet projeati (vertical flow) categorized as Group

E in the ASHRAE Handbook (2013).

3.2 Methodologies
The first part of the methodology section desittee diffusers tested in this

chapter. The second part explains the two seriegériments that were conducted: (1)
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experiments related to ADPI and (2) experimentteel toE andér. These two series
of experiments were conducted in the test roomrdestin Chapter 2. The testing
methodology for the ADPI experiments followed thhegedure in Liu’s study and the
Chapter 2 procedure f&randér experiments. The testing methodologies followed
previous study procedures described in greateil de@iu et al, 2015, 2016, 2017)

and Chapter 2.

3.2.1 Tested diffusers

Figure 3-1a shows the linear slot diffusers (Mo&&S75, frame size 190
mmx1,200 mm, Price Industries, Inc.) with vertiflalv used in the experiments. The
diffusers provide various airflow patterns whenitltkeflectors are adjusted. The same
diffuser used in Chapter 2 was utilized; however dieflector positions were different.
The performance of linear slot diffusers with hontal projection can be found in
Chpater 2. The vertical flow allows supply of primair directly to the occupied space
and may increask andé&r. However, a higher air velocity in the occupie@sp may
compromise the ADPI.

Figure 3-1b shows the adjustable blade diffusersd@ 51DV, frame size: 150
mm x 600 mm, Nailor HVAC, Inc.) used as high sidalwliffusers. This specific model
is a good representative of all high side wall atfjble blade diffusers (Liu et al., 2016).
By adjusting their blade angles, the diffusers pamit different airflow directions. To
evaluate the impact of adjustments Brand &1, blades angle were set as follows: 0°
horizontal, 48 upward, and 45downward. The ADPI with each adjustments was
determined from previous studies (Liu et al., 2018)previous studies, the Apward

projection allowed supply air to easily attch te tteiling and slide along the ceiling
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owing to the Coanda effect, resulting in a bett&PAunder cooling conditions (Liu et
al., 2016). However, it may cause higher thernratidications and lowelE under heating
conditions. The 45 downward projection directly supplies air to thecapied zone,
which may increas&. However, it may also cause a lower ADPI becauskigher
velocity in the occupied space. The 0° horizontatle position was considered as the

nominal setting, and different exhaust locationsentested with the nominal setting.

&)——\)

Vemcal ﬂow 0° Horizontal, 45° Downward, 45° Upward
Linear slot diffuser Adiustable Blade Grill

Figure 3-1 Diffusers used in this study: a) Linslkat diffuser with vertical flow, b)

Adjustable blade grill with Ohorizontal, 48 upward, and 45downward adjustment

3.2.2 ADPI measurements

The ADPI measurements were conducted in a testlobalocated at the Center
for Energy and Environmental Resources at the Usityeof Texas at Austin, USA
with the size of 5.5 m x 4.5 m x 2.7 m; it was $ilaene test chamber described in
Chapter 2. Figure 3-2 illustrates experimental getf the test room for ADPI
measurements. ADPI measurements were conducted tinedsame chamber and
setups as our previous studies (Liu et al., 2005622017). The heating load was
simulated by adjusting the temperature of the @uwlall connected to a dedicated

chiller, which together mimicked an exterior wallndow in winter conditions.
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Although particle image velocimetry (PIV) measureisgCao et al., 2014) can be used
to better visualize the airflow fields, velocitycatemperature at 60 locations in the
occupied zone at four different heights above kberf(0.1 m, 0.6 m, 1.1 m, and 1.7 m)
were measured with twelve hot-sphere anemometdrsi(d, SENSOR, Poland,
accuracy: +0.03 m/s+-3 %, temperature: £0.2 °Cg ifteasurements were repeated
five times for each experiment to obtain 60 loagagiavith the twelve available sensors.
At the same time, the vertical temperature (0.D:®,m, 1.1 m, 1.4 m, 1.8 m, 2.2 m)
was measured at five different locations by thetonss(Model 44033, OMEGA,
Accuracy: 0.1 °C). Furthermore, supply and exhaursiemperatures were monitored
during the experiments to ensure the stabilitthef¢hamber conditions.

The uncertainty of an ADPI measurement dependé®adcuracy of the
instruments used and several factors related texperimental setup; the detailed
procedure for calculating this uncertainty is ddst in our previous study (Liu et al.,
205). Owing to the high accuracy of the velocitg &amperature sensors in the studies,

the uncertainty was +2.7 % for the absolute valude ADPI.
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Figure 3-2 Experimental setup of a test room foilPAneasurements. (Chamber

geometry, temperature, and velocity measuremeatitts)

3.2.2.1 Experimental matrix for ADPI measurements

Table 3-1 shows the experimental conditions forAB#1 measurements.
Linear slot diffusers with two and four slots witlrtical flow were tested. Each setup
consisted of several cases with variduss/L (related to air change rate). For instance,
cases (A.1-6) had the same experimental setupfberedt To2s/L values, such as 0.5
in case A.1 and 0.8 in case A.2. Thes value was derived as described in Chapter 1

section 1.2.4. All experiments were conducted uheéating conditions.
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Table 3-1 Experimental conditions for the ADPI measents

Temperature
Supply diffusers Tozs/L [-] difference between| Return air
Case # (Air change ratef | supply and exhaust  inlet
8] AT=Tea—Tsa location
Type Adjustment [°C]
: 0.5 (2.1), 0.8 (3.3),
Al-g | Linearslot 11 E4.5;, 1.4 E5.8§, 5

diffuser (2 slots) 1.7 (7.2,2.0 (8.6

0.4 (2.1), 0.7 (3.3),
0.9 (4.5). 1.2 (5.8). 5
1.4 (7.2). 1.8 (8.

. 0.6 (2.1), 1.0 (3.3),
Linear slot
AL3-18 | gittuser (2 slots) s E‘;g - ng)' 2
0.5 (2.1), 0.8(3.3),
11 (45), 1.4 (5.8), 2
1.7 (7.2). 1.9 (8.

Linear slot

AT=12 | Giffuser (4 slots)

Vertical EX Cn

Linear slot

A19-24 | Gittuser (4 slots)

3.2.3 Air change and temper atur e effectiveness measur ements

Figure 3-3 illustrates the experimental setup heE and&r measurements. The
experimental setup included adjustable blade affssvith high side wall positions and
2-slot and 4-slot linear slot diffusers with veali¢low. The dimensions of the plenum
box for an adjustable blade diffuser are also desdrin Figure 3-3. Furthermore, Figure
3-3 shows the five specific exhaust locations useelaluate the impact of the exhaust
locations. There were three locations for ceilingumted positions, EX Cd, EX Cn, and
EX Cw, and two locations near floor, EX Fd and BEX. F

The tracer gas decay test using2G@ the tracer gas was conducted to measure
Ei and calculat&. The measuring point and procedure described int€hapvas utilized.
The CQ concentration was measured at 18 locations simetasly and vertical
temperature distributions and supply and exhauspéeatures were measured. The

uncertainty in the measurements Bfhas also been discussed in Chapter 2. From
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repetitive experiments, the uncertainty in the l&gavas 6% on average with a maximum

of 14% and that in thE measurement was 6% on average with a maximum ©.11
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A
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Figure 3-3 Experimental setup of a test room farchiange effectiveness and
Temperature effectiveness measurements (Chamljestaule blade grille box and

exhaust box geometry, temperature and €ahcentration measurement locations)
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3.23.1 Experimental matrix for air change and temperature effectiveness
measur ements

Table 3-2 shows the experimental conditions forEadé&éT measurements.
The experiments were conducted with 2-slot andésiear slot diffusers with vertical
flow for low and medium internal loads (room-supf@ynperature difference dfl = -
2 °C and4T = -5 °C, respectively), and adjustable blade défsswith three different
adjustments under heating conditions. In additiime, different exhaust locations with

nominal settings (0° Horizontal) of adjustable lalatiffusers were tested.
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Table 3-2 Experimental conditions for air chandgeaiveness and temperature

effectiveness measurements

Temperature
. difference .
Supply Diffusers TosslL [] between supply Return air
Case # . 1 Inlet
(Air change ratetf]) and exhaust L .
_ ocation
. (AT=TeaTsa)
Type Adjustment [°C]
Linear slot 0.5 (2.1), 0.7 (3.0), 0.8 (3.3),
B.1-8 diffuser (2 | Vertical 1.1(4.4),1.5(5.8), 1.7 (6.9), -5 EXCn
slots’ 1.7 (7.2), 2.0 (8.
Linear slot 0.4 (2.1), 0.6 (3.0), 0.7 (3.3),
B.9-17 | diffuser (4 | Vertical 0.9 (4.4),0.9 (4.5), 1.2 (5.8), -5 EX Cn
slots) 1.4(6.9),1.5(7.2),1.8 (8.6
Linear slot
- . . 0.6 (2.1), 1.0 (3.3), 1.3 (4.5), i
B.18-23 3$5612 Vertical 1.6 (5.8). 1.9 (7.2). 2.2 (8.6 2 EX Cn
Linear slot
~ . . 0.5(2.1), 0.8(3.3), 1.1 (4.5) i
B.24-29 ggfaw4 Vertical 1.4 (5.8). 1.7 (7.2), 2.0 (8.6 2 EX Cn
. . 0.8 (1.6), 0.9(2.1), 1.2 (3.3)
B.30-36 | Adlustable | 0° 1.4(45), 1.6 (5.8), 1.9 (7.2), 5 EX Cn
Blade Grill | Horizontal
2.1(8.6
. 0.3 (1.6), 0.4(2.1), 0.5 (3.3)
B.37-43 | Adustable | oo\ vard | 0.7 (4.5), 0.8 (5.8), 0.8 (7.2), 5 EX Cn
blade grill
0.9 (8.6
. . 0.3 (1.6), 0.4(2.1), 0.5 (3.3)
B.44-50 | Adustable | 45 0.7 (4.5), 0.8 (5.8), 0.8 (7.2), 5 EX Cn
blade grill | downward
0.9 (8.6
. 0.8 (1.6), 0.9(2.1), 1.2 (3.3)
B.51-57 | Adustable | oo ontal| 1.4 (4.5) 1.6 (5.8), 1.9 (7.2), 5 EX Cw
blade grill
2.1 (8.6
. 0.8 (1.6), 0.9(2.1), 1.2 (3.3)
B.5g—63 | Adustable | oo ontal| 1.4 (4.5) 1.6 (5.8), 1.9 (7.2), 5 EX Cd
blade grill
2.1 (8.6
. 0.8 (1.6), 0.9(2.1), 1.2 (3.3)
B.64a—71 | Adlustable | oo i ontal | 1.4 (4.5), 1.6 (5.8), 1.9 (7.2), 5 EX Fw
blade grill .
2.1(8.6)
. 0.8 (1.6), 0.9(2.1), 1.2 (3.3)
B.72-78 Qggstggl'f 0° horizontal | 1.4 (4.5), 1.6 (5.8), 1.9 (7.2), 5 EX Fd

2.1(8.6
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3.3. Results
This section is divided presents the results framm $eries of experiments: 1)
experiments with linear slot diffusers with vertilaw and 2) experiments with

adjustable blade diffusers with different deflec@ogles and exhaust locations.

3.3.1 Vertical flow with linear dot diffusers

The first part examines the rangelogs/L that can achieve an ADPI higher than
80% and the associatécandé&r. Then, the ADPIE andér results with a lowed T are
discussed. Finally, the section examines sometsesiti/elocity and temperature

measurements from the ADPI experiments.

3.3.1.1 ADPI, air change effectiveness and temper atur e effectiveness

Figure 3-4 shows the results of ADE|,andér with AT = -5 °C. Figure 3-4
displays the results of 2-slots diffusers (Figu4a3and 3-4b) and 4-slots diffusers
(Figure 3-4c and 3-4d). The solid marks indicatg the supply air temperaturésf)
was less than 8 °C higher than the average occspick temperatu(e T>0). The
dashed marks indicate that the value was 8 °C or higher thaT>o.

With 2-slots linear slot diffusers (Figure 3-4ajjigher ADPI was found for
lower and higheflo.2s/L values. Although the ADPI was high for lowErzs/L values, E
andé&r were low. The range dh.2s/L that can achieve an ADPI higher than 80 % with a
Ts less than 8 °C abovel>o (herein after recommended range) was 1.6-R2andér
were approximately 0.9 within the recommended ramge small momentum of supply
air at lowTo2s/L values could not provide enough mixing in the spaed resulted in

high thermal stratification and a low ADPI. Conways a strong vertical momentum
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increased the overall mixing performance of thecepeesulting in higher ADPE and
&t values. However, the excessive air speed may nesdiscomfort that is asociated
with a draft in the area below the diffuser.

Different from the results for 2-slot diffusereetADPI was decreased Bses/L
increased with 4-slot diffusers (Figure 3-4c). ADRA higher than 80 % was found
only for lowerTo2s/L valuesat whichhigh thermal stratification resulted in lowgand
&t values. On the contrary, high&rzs/L improved botHe andér owing to an increased
mixing effect. The 4-slot diffusers performed qudifferently from 2-slot diffusers with
regards to the ADPI. This will be further discusgethe later results section with
descriptions of room air velocity and temperatuleds.

Figure 4-5 shows the results of ADEl,andér measurements withiT = -2.

The ADPI was higher than 80 % for both 2-slot arglot diffusers within the tested
ranges offo2s/L, implying that a smallT enhanced ADPI significantly. The high&st
was greater with 2-slot diffusers than with 4-slftusers:E was 1.1 with 2-slot
diffusers and 0.8 with 4-slots diffusers. The higfl#& was also greater with 2-slot
diffusers than with 4-slot diffusers: 1.05 with Btdiffusers and 0.9 with 4-slot

diffusers.
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* mark with fill: Tsy higherthan 8 °C above <T>,, mark without fill: Ts4 higher tharg °C or largerabove <T>p
** T,25/L is based on corrected Ty.»5 from <T>p and Tsa.

Figure 3-4 Linear slot diffusers with vertical flammderdT = -5 °C. a)To.s/L vs. air

change effectiveness (left side y-axis) and ADRhfrside y-axis) with 2-slot diffusers:

cases a.1-6 and cases B.1-8[d2/L vs. temperature effectiveness with 2-slot

diffusers: cases a.1-6 and cases B.1-8y.gJL vs. air change effectiveness (left side

y-axis) and ADPI (right side y-axis) with 4-sloffdisers: Cases A.7-12 and cases B.9—-
17, d)To2s/L vs. temperature effectiveness with 4-slot diffssenses a.7-12 and cases

b.9-17
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Figure 3-5 Linear slot diffusers with verticalilaunderAT = -2 °C. a)To2s/L vs. air
change effectiveness (left side y-axis) and ADRhfrside y-axis) with 2-slot diffusers:
Cases A.13-18 and cases B.18-23ohy/L vs. temperature effectiveness with 2-slot
diffusers: Cases A.13-18 and cases B.18-2B, &)L vs. air change effectiveness (left
side y-axis) and ADPI (right side y-axis) with &stliffusers: Cases A.24-29 and cases
B.24-29, d)To2s/L vs. temperature effectiveness with 4-slot diffgs€ases A.24-29

and cases B.24-29
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3.3.1.2 Room air velocity and temperature

Figure 3-6 shows the results of velocity and terapee fields with ADPI
measurements (cases A.1, A.3, A.5, and A.12). &mperature fields are shown with
temperature differences between supply air andt pbimeasuremenis(4Tsai = Tsa-
Ti). For case A.1 (2 slot3p2s/L: 0.5 (2.1 i), the air velocity below 1.7 m was less
than 0.25 m/s. The temperature stratification (maxn temperature difference within
occupied space) was less than 2 °C. For case ABi&Toos/L: 1.1 (4.5 h)), the jet
from the diffuser (velocity higher than 0.25 m/eached 1.7 m. The temperature
stratification was 4C between 0.1 m and 1.7 m. Because of the bouyefifegt and
the weak jet from diffuser, the jet from the difusould not reach the bottom end in
the higher thermal stratification. It was considetieat the thermal stratification in the
occupied zone led to a low ADPI. In case A.5 (2sslfo2s/L: 1.7 (7.2 ), the jet from
the diffuser reached 0.6 m, and the temperatuagéifstation was the lowest among the
shown results. Finally, with case A.12 (4 sldtsgs/L: 1.8 (8.6 h)), the jet from
diffuser reached 1.1 m. The temperature stratiboatvas high and the difference was
about 3.5°C. Although case 12 had almost the sd/L as case A.5 calculated by
the method in Chapter 1, the velocity and tempeediald results were different. The
calculated correction factor did not accuratelynmalize the throw of the 2-slot and 4-
slot diffusers as the emprical table in ASHRAE ditavok (2013) used a supply
opening aspect ratio of 1.0 and assumed air flonglvith the perimeter wall. It was
also considered that the different diffusers’ wel#ffected the obtained temperature

fields.
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Case A.1 (2 Slots, To2s/L:0.5 (2.1 h'l))
————— 0.1m 0.6 m

—=1.7m

o
R
Q
€ &
= 5 6-
‘S @
s) 2 4.
9 2 D1
;‘;’ 2 // D2
g //’ D3
2 L . D4
¢ R D5
1iim ————- 1.7m

Velocity [m/s]
Temperature difference [°C]

06m e 4Am —m——e 1.7m

-

Velocity [m/s]

Temperature difference [°C]

0.6m 1.1m —=1.7m

-

N A O o

Velocity [m/s]
Temperature difference [°C]

* Refer to Figure 3-2 for location of measuring points (L,C,R and D1-D5)

Figure 3-6 Velocity and temperature fields in thePA measurements (cases A.1, A.3,

A.5, and A.12)
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3.3.2 Adjustable blade diffuserswith high sidewall supply

This section examines the results of adjustabléedthffusers. The first
paragraph examines different blade angles. Thétseme combined with ADPI
measurements frommevious study (Liu et al., 2016). The next parpbrdiscusses the

results of different exhaust locations with nomiadjustment.

3.3.2.1 ADPI, air change effectiveness and temper atur e effectiveness

Figure 3-7 shows the results of ADEl,andér measurements with different
blade angles: 0° horizontal, 45° downward, and g&fard. The ADPI values shown in
Figures 3-7a, 3-7c, and 3-7e on the right siddefytaxis were extracted from a
previous study (Liu et al., 2016). The solid maridicate thailsa, is at most 8 °C
higher thark T>0. The unfilled marks indicate th&sa is 8 °C or higher thar T>o.

With the 0° horizontal adjustment in Figures 3-id 8-7b, the ranges &and
&t within the recommended ranges were 0.65-0.980ant+0.95, respectivelf was
significantly decreased whdn.2s/L was small. Even within recommended rartigend
&t were approximately 0.6 and 0.7, respecitvely. theemal stratification for such
conditions was quite high 8sa was 8 °C or higher thanT>0. With the 45° downward
adjustments in Figure 3-7c and 3-7d, the rangé&sasfdéT within the recommended
ranges were 0.92—0.97 and 0.81-0.90, respectiVbelyy ADPI changed inversely with
and&rwhenTozs/L increased, as downward jets from the diffuser witgher speed
increased draft discomfort in the occupied zondenthie jets improved the mixing
effect that improves ventilation effectiveness. Wthe 45° upward adjustments in
Figure 3-7e and 3-7f, the rangeso@nd&r within the recommended ranges were

similar to those of the 0° horizontal adjustmen®85-0.97 and 0.70-0.90, respectively.
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E significantly decreased whémnzs/L was smaller than the recommended range as the
low momentum of the diffuser jet could not suppgbd mixing of the supplied air in the

occupied space.

3.3.2.2 Impact of exhaust locations with nominal adjustment

Figure 3-8 shows the results®fndér with different exhaust locations with the
0° horizontal adjustment. Figure 3-8a shdwysnd Figure3-8b showd. The vertical
dashed lines display the recommended range witlCEX

The results reveal th&andé&r were almost equivalent to those for EX Cd. The
EX Cw location yielded loweE andér than the EX Cn location. The maximurand
&t were 0.7 because short circuits occurred wheexhaust was located at the opposite
side of the diffuser. With near floor exhaust (EX &nd EX Fd)E andér were
significantly higher than for the ceiling mountedhaust, especially at loWw.2s/L. With
EX Fw, E andér were greater than 1.0 wh&bies/L was lower than 1.E andér
slightly decreased d.s/L increased. As the exhaust was located on the dgpside
of the diffuser, short circuit flow may have incsed once the jet from the diffuser
reached the opposite side of the wall. With ExEEdndé&T were higher than 1.0 and
were not sensitive tdo.2s/L. The results suggest that a near floor exhaustfgigntly
improves ventilation effectiveness and air disttidau performance compared to a
ceiling mounted exhaust. A higher supply airfloweréhigherT/Lo.2s) may not be

helpful for effective air distribution for the floenounted exhaust.

3-19



Chapter 3 Improving Ventilation Effectiveness untler Heating Mode

o B
o o
o o

o
®
o

o
)
o

I
wn
o

Air Change Effectiveness [-]
o o
' N
o o

= =
o =
o o

o
o
o

Air Change Effectiveness [-]
9
o

1.00

o
o
o

o
o
o

Air Change Effectiveness [-]
<)
~
o

- & E£ AADPI

I Adjustable Blade Grilles
(0° Horizontal)

i)

ADPI > 80%
1.1<Tozs/L<2.2
1 : 1

.0 0.5 1.0 1.5
To.2s/L [-]

2.0 2.5

I & E AADPI

- A

Adjustable Blade Grilles
(45° Downward)

RO S SRS SO S SR 7400 WS

c)

ADPI>80%
0.6 < To2s/L< 0.8

.0 0.5

To.2s/L[-]

1.0

I & E AADPI

- AL

FRRR SN S\ S

Komemimmen ]
Adjustable Blade Grilles ADPI > 80%
(45° Upward) 0.6 < Tozs/L< 1.0
P L
0.0 0.5 10
To.s/L[-]

100

90

80

70

60

50

40

30

20

100

90

80

70

60

50

40

30

20

100

90

80

70

60

50

40

30

20

ADPI [%]

ADPI [%]

ADPI [%]

1.10

1.00

o
o
)

o
%
o

o
@
=}

o
wn
=}

Temperature Effectiveness [-]
o
~
o

1
B
o

0.30

o B »
o (=
o o o

o
3
o

Temperature Effectiveness [-
o o ©
w (=2 ~
© o o

o
'S
o

o
w
o

o = B
L O =
o o© o

o
%
o

o
@
=}

Temperature Effectiveness [-]
(=]
~
o

o
>
o

0.30

Comemimimimimm

Adjustable Blade Grilles
(0° Horizontal)

b)

ADPI > 80%
1.1<Toas/L<2.2

0.5 1.0 1.5
Toas/L [-]

2.0 2.5

3.

Adjustable Blade Grilles !
(45° Downward) P

L

d)

ADPI > 80%
0.6 <To2s/L<0.8

L

0.5
To.2s/L[-]

1.0

0.0

B3 3
| Adjustable Blade Grilles ADPI > 80%
(45° Upward) 0.6 <To2s/L<1.0
- H
0.5 1.0
To2s/L[-]

* mark with fill: Tss higher than 8 °C above <T>p, mark without fill: Tsy higher than 8 °C or larger above <T>g
** Tp.25/L is based on corrected Ty 25 from <T>pand Tsa.

15

Figure 3-7 Adjustable blade grill with differentole angles (cases B.30-36, cases

B.37-43 and cases B.44-50, and ADPI from a prestugy (Liu et al., 2016). a), ¢)

and e):Tozs/L vs. air change effectiveness (left side y-axig) ADPI (right side y-

axis), b), d) and f)To2s/L vs. temperature effectiveness
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Figure 3-8 Adjustable blade grill (0° horizontaj@tment) with different exhaust
locations (cases B.30-36, cases B.51-57, cases@@b8ases B.64-71, and cases

B.72-78). a)lo2s/L vs. air change effectiveness, Taps/L vs. temperature effectiveness

3.3 Discussion

This section discusses the results of the expetsrard the improvements
andé&r. The fist section summarizes the rangeg ahdé&r within recommended ranges
for tested diffusers. The next section discusseptssible measures to imprdvand

&t while maintaining an acceptable ADPI.

3.3.1 Range of air change effectiveness and temper atur e effectiveness

Table 3-3 provides a summary®Bfindér within the recommended range. This
table intends to update the design guideline inp@h&2. The data shown in the table
are from the experiments withl = -5 °C. The ranges of heating loads were calcdlate

from AT and air flow rates of the exhaust air streams. 48t linear slot diffusers
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with a vertical flow are not covered as the recomdeel range is determined in this
study.

E and&r were higher than 0.8 for 2-slot linear slot diBus with vertical flow.
With adjustable blade diffusers, bdirandéT increased with an increaseTioes/L. The
results also reveal th&tcan be less than 0.8 under 0° horizontal and g&/acd
conditions.E and&r were higher than 0.8 under 45° downward conditiansl the

recommended range was shorter in 45° downwardithds® upward conditions.

Table 3-3 Ranges of air change effectiveness angddgature effectiveness within

recommended range ®6.2s/L in terms of ADPI

Recommended range Range o andé&r within

of To2s/L with recommendedo.s/L with regards
Diffuser type regards to ADPI to ADPI
Tozs/ L Loads E Er Loads
[-] [W/m?] [-] [-] [W/m?]

Linear slot| Vertical
diffusers 2 slot:
OO
horizonta
Adjustable| 45°
blade grill | downwarc
45 0.6-1.0%| 35-40% | 0.68-0.97 0.70-0.90 9-35
upward

* Results extracted from previous studies (Liulet2016)

1.4-2.1 12-31 0.87-0.950.84-0.95 10-27

1.1-2.2*| 35-40* | 0.65-0.98 0.71-0.95 9-36

0.6-0.8*| 35-40* | 0.92-0.97| 0.81-0.90f 9-33

3.3.2 Improvement of air change effectiveness and temper atur e effectiveness
This section discusses improvementg iand&r due to the use of different
supply diffuser adjustments, supply and exhaugtanperature differences, and

exhaust locations.
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3.3.2.1 Diffuser adjustments

Figure 3-9 compares vertical and horizontal floyuatinents of linear slot
diffusers under T = -5 °C.E andér results with the horizontal flow adjustments are
extracted from Chapter 2. Figure 3-9 also showsdébhemmended ranges with dashed
lines. The ranges indicate the air change ratenwthatconverted from differeb.zs/L.

With 2-slot diffusers in Figure 3-2a and 3-2b, tkeommended range was
smaller with vertical flow than with horizontal flo The maximum values & andér
were about 25 % and 30 % with the vertical flovgpectively. Adjusting air flow
directions under the heating mode may increasebatmdér. However, careful
considerations must be made as directing air fpactupied spaces may also decrease
the ADPI. Proper adjustment of diffusers and cdrdfair flow rate under heating

conditions are necessary to imprdvandé&r.
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Figure 3-9 Linear slot diffusers with vertical amarizontal flow. a)To2s/L vs. air
change effectiveness with 2 slots: cases B.1-8rand Chapter 2, bYo2s/L vs.
temperature effectiveness with 2 slots: cases Bate3rom Chapter 2, dp.2s/L vs. air
change effectiveness with 4 slots: cases B.9—1#randChapter 2, dJo.2s/L vs.

temperature effectiveness with 4 slots: cases B.@Atl from Chapter 2
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Figure 3-10 compards andé&r of different angle adjustments for adjustable
blade diffusers undet T =-5 °C. The dashed lines display the recommendegks
with air flow rates. The recommended range was lemaith 45° downward than with
0° horizontal and 45° upward. The 45° downward stilient was able to increake
andé&r about 30% and 15% (maximum values) compared WwelOf horizontal
condition. Similar to the adjustment of the linskt diffuser, downward blades can
direct air flow to the occupied space to impr&andér under heating conditions.

However, air flow rate needs to be properly cotebto avoid significant decreases in

the ADPI.
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Figure 3-10 Adjustable blade grills with differadgflector adjustments (cases B.30-36,
cases B.37-43, and cases B.44-50). a) Air chatgesaair change effectiveneb3

air change rate rate vs. temperature effectiveness
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3.3.2.2 Room supply air temper atur e differences

Figure 3-11 comparesT = -2 °C and4T = -5 °C under the same heating load
for linear slot diffusers with vertical flow. Thegtire examines howT effects
ventilation performance. A lowefT may significantly increasé andér. Compared to
the cases witlT = -5 °C, cases withT = -2 °C exhibited an increasekof about
75 % on average (100 % at the maximum) and alsncaease irfr of about 45 % on
average (65 % at the maximum), respectively. Th&dyesis provides data that HVAC
designers can use to determine the optimal desig@ lower AT may require less
supply air (ventilation rate) to satisfy the regairventilation rate in the occupied zone
and less heating energy as it improves lo#ndér. On the other hand, a lowegT
requires a higher air flow rate to remove the shesing load, which requires more fan
energy. For example, 2.5 times more air is requwvgd AT = -5 °C to remove the same
heating load than withT = -2 °C, if the distributed air is perfectly mixethe
improvements ire andé&r with lowerAT need to considered with this trade-off before

designers decide on a room supply air difference.
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Figure 3-11 Linear slot diffusers with verticalilainder the same heating loatT (= -

5 °C and4dT = -2 °C). a) air change effectiveneb}temperature effectiveness

3.3.2.3 Return air inlet (exhaust) locations

As shown in Figure3-8, an appropriate exhaust ilooahay significantly
increaseE andé&r. Locating the exhaust near the floor significamigrease& andér
by at most 70% with both EX Fw and EX Fd than viatk Cn. However, locating the
exhaust near the floor may require more duct wonloom space for the HVAC system
as a typical HVAC system is installed in the cgjlpienum space. In addition, the
results show that an inappropriate exhaust locatiayp decreasgé andér. With Ex Cw,
E andér decrease by at most about 30 % than with the EXo€ation. A designer also
needs to consider proper exhaust locations, edjyawsizen the high side wall supply

strategy is utilized.
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3.4 Conclusions

Experimental measurements of ADBJ,andéT in a full-scale test room were
described in this chapter. Combined with previdusdies (Liu et al, 2015, 2016, 2017,
Amai et al, 2016), the results provide supportiggador optimal diffuser selection in
mixing ventilation, with an emphasis on the impnosnt ofE andér in heating
applications. Proper application of each testeatesyy, diffuser adjustment, lowsT,
and exhaust location may significantly impravandér. This study shows that proper
adjustment of the diffuser, a lowdT, and a different exhaust location may result in
minimum, average, and maximum improvements of about 25-30 %, 75%, and
70%, respectively. However, the designer shouldiciem other aspects of those
strategies, such as a narrower range of the recaned@o.os/L with vertical flow and

trade offs of fan power with lowefT.
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Nomenclature

ADPI
EDT
To2s
L

E

Ei

Co
C®
n

ér
Tsa
TeA
Ti
<T>o

AT

Air Diffusion Performance Index

Effective Draft Temperature

Terminal Velocity Value of 0.25 m/s
Characteristic Length

Air Change Effectiveness, Arithmetic MeanEpiin Occupied Zone
Local Air Change Effectiveness

Age of Air at a Locatiom

Initial Concentration of Tracer Gas at the time0
Decayed Concentration Measured at Time
Nominal Time Constant

Temperature Effectiveness

Supply Air Temperature

Exhaust Air Temperature

Temperature at a Location

Average Temperature in Occupied Space

Exhaust Air and Supply Air Differenc@ga-Tsa
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4.1 Introduction

American Society of Heating, Refrigerating and Sionditioning Engineers
(ASHRAE) Standard 62.1 (2010) specifies the minimeentilation rates in buildings
with different purposes. This ventilation raterisrieased or decreased to take into account
the impact of ventilation effectiveness. ASHRAE ftard 129 (2002) specifies how to
modify the minimum ventilation rate by ventilati@ffectiveness. On the other hand,
Society of Heating, Air-Conditioning and Sanitanygineers of Japan (SHASE) Standard
-102 (2011) specifies the methods that should bd tescalculate the required ventilation
rate when ventilation effectiveness is conside8HASE also specifies the method that
should be used to measure ventilation effectivemesstandards 115 (2010) and 116
(2011). However, the Japanese building code omgylages the minimum ventilation rate
per occupants. Ventilation effectiveness does ake into account the building code.
Both ASHRAE and SHASE introduce ventilation effgetiess indices based on the age
of air concept based on tracer gas measuremergsail bhange effectiveness is defined
in the ASHRAE standard 129. The air change effectss is 1.0 when the air from the
diffuser is perfectly mixed in the space. SHASEndwds (2010, 2011) mention the
standardized concentration in the occupied zonechwis inverse of the air change
effectiveness. Furthermore, standard procedurmé&asuring air change effectiveness is
defined in ASHRAE Standard 129 (2002). The standagdires air change effectiveness
measurements to be conducted at 25% of the woidkssadr at least 10 locations in the
test space. On the other hand, the SHASE stand&r{2D10) requires measurement at
a minimum of three points or three repetitive measients with one point in the target
space. The measuring point should be near thercgiwach span (between columns) or

each 10 m by 10 m grid. The ASHRAE Standard 129Z2€quirement is more stringent
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than the one in SHASE standard 115(2010) as itmegjmeasurements to be conducted
at ten locations at least while SHASE requires dhiye measurements. Measuring
ventilation effectiveness in the field while meetinthe requirements of ASHRAE
Standard 129 (2002) demands extensive measuringpregunt or repetitive
measurements. As a consequence, air change e#fleetis is rarely measured in the field.
As ventilation effectiveness may have significanpact on both indoor air quality and
building energy performance, it is important to Wntilow to properly measure it.
Furthermore, practitioners would benefit if thererev alternate methods for predicting
ventilation effectiveness in the field. Therefailee objective of this chapter is to assess
a procedure of evaluating air change effectiverdésmixing ventilation with various
conditions through intensive laboratory experimeWariances of the local air change
effectiveness in an occupied space and the camelat temperature distribution in the

space and the ventilation effectiveness were aadlyz

4.2 Methodology

In this chapter, the same experiments describ&hapters 2 and 3 were used.
The results were anlysed in terms of the variamcecaorelaiton of air change and
temperature effectiveness. Figure 4-1 shows thembbageometry and sensor
positions, and Figure 4-2 shows the five diffettexsted diffusers; linear slot diffuser
(Price: model SDS75), round ceiling diffuser (Mated: model 3000-1), louvered face
diffuser with no lip (Metalaire: model 5000-1), fmmated diffuser directional pattern
(4way) (Titus: model PCS) and adjustable bladeuddfs (Model 51DV, frame size:
150 mm x 600 mm, Nailor HVAC, Inc.). Please refeChapters 2 and 3 for more

details. The experiments utilzed €@ the tracer gas decay test. The vertical
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temperature distribution was simultaneously meabsat®ne location. Detailed
horizontal temperature distributions were measurestime cases and the results are

given in Chapter 3. The results revealed that boted temperature variance was

minimal in the measured cases.
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Figure 4-1 Experimental setup of a test room
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a) Round Ceiling Diffuser b) Perforated diffuser directional ¢) Louvered Face Diffuser
(15cm*) pattern (4way) (15cm*) with no lip (15cm*)
*size in duct diameter
Leakage * ‘ ‘ * Leakage * * * *
Sealed Sealed
———— IR 1S
d.1) Linear Slot Diffuser &= - [1 [1
(120cm long, slot width 1.9cm) Horizontal Vertical flow
L 3 e | d.2) Linear Slot Diffuser Adjustment
e.1) Adjustable blade grille » < » ‘ » '
(15¢cm x 65¢cm) > L 4 ‘ >
150
> £ 0° Horizontal 45° Downward 45° Upward
-, e.2) Adjustable Blade Grill
650
= 150
\El =
(=3
g -
! 850 | %%] i
I 300 |
! 1090 | 1 960 |
e.3) Adjustable blade grille box f) Exhaust box on floor

Figure 4-2 Tested diffusers

Table 4-1 and Table 4-2 shows the experimentalitiond. As explained in
previous sections, the experiments are the sani®as in Chapters 2 and 3. However,
case numbers were reoorganized to make the anatgsescomprehensive. The
experiments were conducted for heating, cooling, @arfect mix conditions with five
different diffusers, diffuser adjustments, exhdasations, air flow rates, and internal
loads. Overall, 179 experiments were conducted:ch4@s for heating, 26 cases for

cooling, 10 cases for perfect mixing. A total adéts of experiments were repeated
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twice to evaluate the uncertainty in the experiraeRor the perfect mix test (cases 170-
179), the mixing fans were operated during the yi@wa@asurement. Under heating
cases, the cooled panels mimicked the heating &atlthe supply air temperature was
set to achieve the targeT (-2°C, -5°C and -8°C). In addition, the cooled @anwvere
controlled to maintain a surface temperature otf@G2or cases withiT = -2 °C, 18.5 °C
for cases withiT = -5 °C, 15.5 °C for cases withl = -2 °C. The temperature of

cooling panels was designed to prevent condensdtiong experiments. In cooling
cases, electric heaters mimicked the cooling loatithe output of the heater was
determined from the air change rate of experimasgaditions and the targgf (8 °C).
Then, supply air temperature was adjusted to entLi(8 °C) was achieved. The
measured supply/exhaust air temperature of hea#isgs were 38 °C/36 °C max. and
36 °C/33 °C min. for cases withl = -2 °C, 38 °C/34 °C max. and 30 °C/25 °C min. for
cases witiT = -5 °C, and 41 °C /35 °C max. and 39 °C/29 °C.rfuncases withiT =

-8 °C, respectively. The measured supply/exhanspéeature of the cooling cases were
14 °C/22 °C max. and 12 °C /20 °C min.

According to ASHRAE Standard 129 (2002), perfecting is defined as a
theoretical airflow distribution in which the comteation of all constituents in the air,
and the age of air, are spatially uniform. In 8tisdy, perfect mixing was assumed to
occur when the air change effectiveness at all oredgoint was 1.0 + 0.08 based of
the uncertainty assumed in the ASHRAE Standard(2@92). It was confirmed that
perfect mixing was achieved by using the three mgXans as all the measuredof

cases 170-179 were in the defined range.
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Table 4-1 Experimental matrix (heating)

Supply Diffuser AT Exhaust
Case # \ . Air change rate [f] . (EX)
Type Adjustment [°C] Location
LS 1.1,2.1,3.0,3.3,4.5, )
1-9 (2slots |Horizonta  |5.8.6.9.7.2.8 5 |EXCn
LS 2.1,3.3,5.7,5.8, 7.2, )
10-15 (2 slots’ | Horizonta 8.€ 2 |BXCn
LS 21,21,2.7,3.2,4.5, )
16-24 | 4siots  |Horizonta  |5.8.6.9,7.2.8 5 |EXCn
LS 2.1,3.3,45,5.8, 7.2, )
25-30 (4 slots' | Horizonta 8.€ 2 |BXCn
2.1,3.3,45,5.8, 7.2,
31-37 RC 8.6, 8. -8 |EXCn
38-43 RC 52323” 3.8,4.6,5.8, 7.2, 5 |EXCh
2.1,2.2,3.3,4.4,5.7,

44-50 RC 7.2 8. -2 |EXCn
51-56 LF/no lip 32 3.9,4.263.63, -5 |EXCn
PF 2.1,3.3,45,5.8, 7.2, )

5762 | (4 way) Y 5 |EXCn
LS . 21,21 3.0, 3.34.4, ]

63-72 | (oglors | Verlical 44,58 6.9,7.8.€ 5 |EXCn
73-78 LS .| Vertical 21,33,455872, | 5 |gxcn

(2 slots’ 8.€

LS . 21,21, 3.0,3.3,4.4,
7988 | (4slots) | Vertical 45,58, 6.9,7.2,8 © |EXCn

LS . 2.1,3.3,45,5.8, 7.2, )
89-94 (4 slots) Vertical 8.6 2 |EXCn
95-101 ABG 0° Horizontal %g’ g(]" 3.3,45,58, -5 |EXCn
102-108 ABG 0° Horizontal %g’ é(l’ 3.3,4.5,58, -5 EX Cw
109-115 ABG 0° Horizontal %g’ g(]" 3.3,45,58, -5 |EXCd
116-122 ABG 0° Horizontal %g’ é(l’ 3.3,4.5,58, -5 EX Fw
123-129 ABG 0° Horizontal %g’ g(]" 3.3,45,538, -5 |EXFd
130-136 ABG 45° Upward %g’ é(l’ 3.3,4.5,58, -5 |EXCn
137-143 ABG 45 1.6,2.1,3.3,4.5,5.8, 5 EX Cn

Downwarc 7.2, 8.t

*LS: Linear slot, RS: Round ceiling, LF: Louvereaté, PD: Perforated diffusers,
ABG: Adjustable blade grill
** AT: Exhaust and supply air temperature difference
*** Underlined cases: repeated experiments




Chapter 4 Assessing the Measuring Procedure fotilton Effectiveness

Table 4-2 Experimental matrix (cooling and perfect)

SupplyDiffusers AT Exhaust
Case # Type | Adjustment Air change rate [#] °C] ] (EX)
ocatior
Cooling
144-148 |ES . 21,3.3,45 58 86 8 EXCn
(2slots. | Horizonta
149-153 |5 . 21,3.3,45 58 86 8 EXCn
(4 slots’ | Horizonta
154-159 | RC 233445583 5 lExcn
160—164 | LF/no lip 22.33.44 58 86 8 EXCn
165-169 | D 21,38, 4.6 58 86 8 EXCn
(4-way)
Perfect Mi»
11,2333.33 45, | _
170-179 | RC 57 58727286 | 2 |EXCn

*LS: Linear slot, RS: Round ceiling, LF: Louvereaté, PD: Perforated
diffusers, ABG: Adjustable blade grill

** AT. Exhaust and supply air temperature difference
*** Underlines cases: repeated experiments
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4.3 Results

This section examines the vertical, horizontal eaverall variances of air change
effectiveness in the test space according to theraxental settings. Section 4.3.2
analyses vertical variance and section 4.3.3 aesllgsrizontal variance. In addition,
the correlation between the air change effectivenesl the temperature effectiveness is

introduced in section 4.3.4.

4.3.1 Vertical variancesin thetest space

To evaluate the vertical variances of the aingeeseffectiveness, differences in
air change effectiveness between the high measptamge and low measuring plane
(Figure 4-1) were examined. The vertical varianic#e air change effectiveness as a

percentage at the pointBi, is defined as

E .
B = AB{l—%}dOO [%] (4-1)

ilow

whereEi nigh andEi jow are the local air change effectiveness valuesehigh

measuring plane and low measuring plane at the sanmontal measuring point,
respectively. Figure 4-3 shows the vertical vareanof local ventilation effectiveness as
percentiles. AlBi according to the experimental settings were reged in ascending
order. The 8, 25", 50" 75" and 9%' percentile values are shown in the figure. Th& 75
percentile values for all cases were less than 16H# vertical variances for cases 10—
15 and cases 25-30 (2-slot and 4-slot linear #nisérs with a horizontal flow under

AT = -2°C) were slightly higher than those of theestbonditions with regards to the
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median, 75, and 9% percentile values. Overall, all the heating cdndi (cases 1—
143), cooling conditions (cases144-169), and erpenis (cases 1-179) had similar
variances in each percentile. For all experimerdas€s1-179), the variances were 19%
in the 99" percentile, 8.5% in the 9ercentile, 4.5% in the median percentile, and
2.5% in the 2% percentile. Most of the variances observed thidystvere close to or

less than the uncertainty in the measurement disdus the previous section.
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Figure 4-3. Vertical variances in percentile

4.3.2 Horizontal and overall variancesin thetest space

Figures 4-4,4-5, and 4-6 show the local air chaeftgetiveness distribution in
typical cases. Figure 4-4 shows the distributionase 38 and case 42, figure 4-5 shows
the distribution in case 95 and case 99, and figeBeshows the distribution in case 154
and case 157. The left side graphs show the laligion in the low plane and the right

side graphs show that in the high plane. For ba#ies, the difference between the
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maximum and minimum local air change effectivenesisin measurement plane was
quite small. For example, for case 38, the minintoical air change effectiveness

within the low plane was 0.41, the maximum was Oaf#l the average was 0.42. For
case 101, the minimum local air change effectivemathin the low plane was 0.9, the
maximum was 1.09, and the average was 0.97. Thaneas need to be evaluated by
indices that relatively show the distribution offelfent average air change effectiveness

values.
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Figure 4-4 Local air change effectiveness distrdru{cases 38 and 42)
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Figure 4-5 Local air change effectiveness distrdru{cases 95 and 99)
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To evaluate the horizontal and overall variancaiothange effectiveness under
different experimental conditions, the standardatéwn o was converted to a
percentage by the equation that follows. The stahdaviation of air change
effectiveness expressed as a percentage for then&aguring plane, high measuring

plane, or overall test spadg, is defined as

ag.
C, = AB{l—E—']me [%] (4-2)

J

whereg; is the standard deviation of air change effectgsrfor the high measuring
plane, low measuring plane, and overall test sp@wdt; is Eiow, Enigh, Or E. Figure 4-4
shows horizontal and overall standard deviatiorsoéhange effectiveness as
percentages. Cases 10-15 and cases 25-30 (2albtséot linear slot diffuser with
horizontal flow under T = -2 °C) had slightly higheCjmax in both low and high
horizontal planes and overall. Cases170-179 (perieg had the lowest variances.
The variances in cases170-179 were less than 3evage. The difference between
variances in the high measuring plane and in thenh@asuring plane was small. Cases
1-143 (Overall heating conditions) had slightlyteg overall maximum and average
variances than cases144-169 (overall cooling comdit. The average variances of
cases 1-179 (all experiments) were 4% in the l@amg@b% in the high plane and
overall test space. Similar to the vertical var@s)anost of the variances were close to

or less than the uncertainty in the measurement.
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Figure 4-7 Horizontal and overall standard deviadim percentage

4.3.3 Correlation of air change effectiveness and temper atur e effectiveness

Temperature effectiveness (Etheridge et al., 19960, defined as ventilation
effectiveness for heat removal (Awbi et al., 199®s implemented to evaluate the
temperature gradient in the test space. Temperetigetiveness&r) represents the
effectiveness of energy utilization supplied irtte bccupied zone (Etheridge et al.,
1996) whereas the air change effectiveness repgeetieneffectiveness of contaminant
removal from the occupied zone. This index wasuohiced detail in Chapter 1.

Figure 4-5 shows the correlation&fandE. The plot shows the temperature
effectiveness along the x-axis and the overaltlaange effectiveness for each case.

Plots with dark orange indicate the heating regnh vertical flow, light orange
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indicate heating with vertical flow, light blue ilvadte cooling with horizontal flow, and
light green show perfect mix results. Second opddynomial curve fitting was applied
to generate the profile ¢ andE for all the cases. As mentioned in previous chapte
&randE are around 1.0 for perfect mix cases and aroundrlabove for cooling cases.
Similar distribution were observed between heatity horizontal flow and vertical
flow. From the definition¢r is a dimensionless number that evaluates thedmatype
gradient in the test space whether it is undericgar heating regimes. Both the
denominator and numerator ét are negative under cooling and positive under
heating.E can be also utilized to both heating and coolifigis, the correlation dfr
andE can be observed through analyzing the plots df bobling and heating.

E was close t01.0 whefr was also nearly 1.0, aftldecreased a&
decreasedT is slightly higher thate. As the regression curve showsywas about 0.5
whenér was 0.6. Thé& value was 0.8. It was considered tBas correlated to
temperature stratification of the test space,&nuay be an appropriate index for
showing this correlation. In addition, significantbw E was found with loweT.

Detailed results and analyses of this IBvand supply air diffusers return inlet locations

can be found in Chapters 2 and 3.
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A Heating (Horizontal Flow): Cases1-62, Cases 95-143
Heating (Vertical flow): Cases 63-94

4 Cooling (Horizontal Flow): Cases 144—169
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Figure 4-8 Correlation of temperature and air ¢feagffectiveness

4.4 Discussion

This section discusses the results of the expetsné&he first section discusses
the results of local air change effectiveness waea and measurement procedures in
utilized standards. The second section discussesliaons of air change effectiveness

and temperature effectiveness.

4.4.1 Variancesin local air change effectivenessin thetest space
ASHRAE Standard 129 (2002) stipulates tBashould be measured at a

minimum of 10 work stations. However, as the restdivealed, the variancesknwere
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minimal in mixing ventilation. Most of the differeas found in the test space were
close to the expected uncertainty of the experimaraddition, previous research
revealed the location of the workstation (partitiemght; 1.9 m, ceiling height; 2.9 m)
had no significant effects on the air distributatterns and the influences of
workstation layout on the ventilation efficiency meminimal (Shaw et al. 1993). Lee’s
study (2004) found that the effects of internakigian were low when the partition
height was 60% of the ceiling height and was sigaiftly high when the partition
height was 80% of the ceiling height. It is impligt a more conventional evaluation
will be possible with a reduced number of measupioigts with mixing ventilation
when partitions in the space are low enough nobgiruct the air flow pattern in the

targeted space.

4.4.2 Correlation between air change effectiveness and temper atur e effectiveness

A considerable amount of effort is required to aeetdracer gas tests in the
field. Taking temperature measurements requireshriess effort than conducting
tracer gas tests, and many of the building comahitor systems already measure
temperature. The correlation found in this reseamaly aid in the interpretation of the
overall air change effectiveness of a space fociwhonducting the tracer gas test is not
practical. However, careful considerations musinaele with HVAC systems,
especially with regards to the source of heatinging in the space. Krajcik et al.
(2012) measured air change efficiency and tempex&tfiectiveness in a test chamber
with various combinations of radiant floor heatangd mixing ventilation with ACH

values of 0.5 and 1.0. A correlation between termpee effectiveness and air change
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efficiency was not observed as an internal heaimmgce might affect the temperature

of the occupied zone.

4.5 Conclusions

Extensive experiments of mixing ventilation weredocted in a test chamber to
evaluate whether more practical evaluation of Vatmin effectiveness would be
possible by using fewer measuring points. The tesal/ealed that the vertical,
horizontal and overall variances of the local &amge effectiveness were minimal. The
overall variance of air change effectiveness indteupied space of a room with ceiling
diffusers was less than 16% in most of the caskshas slightly larger than the
experiments' uncertainty. Furthermore, the newlyetted correlation of thermal
effectiveness and air change effectiveness is dereil to be useful as an alternative

method to interpret air change efficiency.

4-20



Chapter 4 Assessing the Measuring Procedure fotilton Effectiveness

Nomenclature

ABG Adjustable blade grill

ACH Air change rate per hour

Bi Vertical variances of air change effectiveness

Ci The standard deviation of air change effectivemeg&rcentage
E Air change effectiveness, arithmetic meaikiah occupied zone
Ei Local air change effectiveness

Einigh , Eilow Local air change effectiveness of the high meagupiane and low

measuring plane at the same horizontal measuriimg po

Elow Air change effectiveness, arithmetic mean in pdane
Ehigh Air change effectiveness, arithmetic mean in higime
EX Exhaust

LS Linear slot diffusers

LF Louvered face diffusers

PD Perforated diffusers

RS Round ceiling diffusers

Tsa Supply air temperature

Tea Exhaust air temperature

Ti Temperature at a location

<T>o Average temperature in occupied space

AT Exhaust air and supply air differendea-Tsa

&r Temperature effectiveness

oj Standard deviation of air change effectiveness
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Among various types of ventilation, the most kncama used ventilation method
IS mixing ventilation. Current practice relatedtie air distribution design and diffuser
selection is relaying on only ADPI which considersly temperature uniformity and
draft, and this does not always result with thepprodiffuser selection. The more
comprehensive design process for diffuser selec@mhpositioning that considers both
thermal comfort and ventilation effectiveness & siame time is needed. On the other
hand, although ventilation effectiveness has sicgnit impacts on both indoor air quality
and building energy performance, different standspdcifies different procedure of
measuring ventilation effectiveness. Some stansipedifies very stringent procedure, it
is important to know how to properly measure it.

The objectives of this research are as followsDé&fine the operation range for
selecting diffusers with an acceptable ADPI ancchange/temperature effectiveness. 2)
Provide design/operation options that improve tkatiation effectiveness under the
heating regime. 3) Assess a procedure for evalyitin mixing ventilation by analyzing
the variances in locdt. The authors performed experimental measuremanasfull-
scale test room. Carbon dioxide (§@acer gas decay tests were conducted to measure
the age of the air at multiple locations in theé tesm simultaneously with various types
of ceiling diffusers/pattern adjustments at differairflow rates and internal loads.

In Chapter 1, “Introduction” the objectives of ttesearch were formulated with
description of background and review of relevaseezch. The chapter first introduces
current ventilation methods, indices regarding Natmn effectiveness and diffuser
selection methods. Then, it reviews previous retean ventilation effectiveness in

mixing ventilation and ADPI.
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Chapter 2: “Experimental Study on Air Change Efiemtess in Mixing
Ventilation” — This chapter describes the I€cer gas decay tests conducted in a full-
scale test room with various types of diffuserditierent airflow rates and internal loads
to evaluateE and temperature effectivenegs)( These experiments were conducted in
both heating and cooling regimes. Although eaduigiér had a unique shape, all diffusers
tested showed similar results. The rangesEoénd &1 were examined within the
recommended range ©d.2s/L related to the ADPITo.2s/L achieved an ADPI of more than
80%. Under the heating regime, the rangels ahd&t were from 0.56 to 0.87 and from
0.58 to 0.75, respectively, which were within teeammended ranges. A significant
decrease ife was found whefo2s/L was small. BotlE andé&r increased as the supply
and exhaust air temperature differend&)(reached close to an isothermal flow. Under
the cooling regime, the rangesandéT were from 0.98 to 1.12 and from 0.92 to 1.11,
respectively, which were within the recommendedgesn Relatively good mixing
occurred under the cooling regime. The rangbef/L capable of achieving good mixing
under heating conditions was significantly smattean that under cooling conditions.
Thus, along with diffuser selection, the airflovierand supplied air temperature should
be carefully decided for all-air heating and coglio achieve good mixing and thermal
comfort.

Chapter 3: “Improving Ventilation Effectiveness @ndHeating Mode” — This
chapter describes experimental measurements @i, E, and&r conducted in the
same full-scale test room as described in Chaptén@ experiments examined simple
strategies to overcome the challenges of poor le¢iot effectiveness under the heating
regime while maintaining an acceptable ADPI. Thatsgies were focused on a

deflector adjustment, lower supply and exhausteanperature differencef{), and
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exhaust locations. In addition, the experimentsemed data in the form of ADPI for
diffusers with a vertical flow. Results show thagiraper application of each tested
strategy significantly improveH andér. The proper adjustment of the deflector may
improveE by a maximum of 30%. A lowefT (4T+3 °C) and a different valid exhaust
location may imprové& by approximately 70% on average. These resultsshlew that
an improper exhaust location may decrdasadér. Moreover, design engineers also
need to examine diverse strategies such as a smalige of the recommendé&olzs/L
with a vertical flow and an increase in fan powereamove heating load with a lower
AT.

Chapter 4: “Assessing Measuring Procedure for \&ran Effectiveness” — This
chapter examines vertical, horizontal, and overatiances in the value of loc&l to
determine whether a more practical evaluation efntilation effectiveness is possible
using fewer measuring points than those addressékei standards. This chapter also
analyzes the correlation betweEmand T as an alternative method to interpret Ehe
Results show that the vertical, horizontal, andaleariances in the value of lodalare
minimal. The overall variance in the value of loEah an occupied space was found to
be less than 16% in most cases, which is sliglafgdr than the uncertainty of the
experiment. Furthermore, the newly developed catig betweel andér is considered
to be useful as an alternative method for intenpge.

The presented research provides comprehensiveséiffselection and simple
evaluation methods from planning to operation. épar operation range for the selection
of diffusers in mixing ventilation with a good ADPE, and &t for both cooling and
heating regimes is provided. Simple strategiev&y@me common challenges under the

heating regime are shown with their operation rangée provided data and strategies
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will be valuable for engineers/designers to platinoged HVAC systems. This research
also assessed a simple evaluation methds tbiat would help to evaluate whether the

planned design was properly achieved.

Limitations/ Applications

This research focuses on mixed ventilation, thetrmommonly used ventilation
method. Other ventilation methods such as displacénwentilation and piston
ventilation are not covered in this research. Ttgeaments were conducted with
Group A and Group E diffusers, following ASHRAE H#ook - Fundamental (2009)
classification. In other words, the diffusers iroGps B, C, and D were not evaluated in
this research. As illustrated in Table-1-1 in Cleafdt, Group A and Group E diffusers,
which are mounted in or near the ceiling, dischaigéorizontally or vertically. Group
B, C, and D diffusers are mounted in or near therflTo create displacement flow or
remove perimeter load, diffusers in Groups B, @ Brmay be installed on window
sills.

As experiments were conducted in an experimentinter, the geometry of
the tested space was limited. Diffusers were testddsmooth and flat ceilings with a
fixed ceiling height of 2.4 m. In addition, the exjents were not conducted with
ceilings with complicated shapes, such as soffitngeor other decollated ceilings. The
application of diffusers to different ceiling hetgtwas not verified in this research.
Same as ADPI, the data obtained from this reseasgshmost usable with ceiling height
between 2.4m and 3m. Further analysis with differeam dimensions utilizing CFD
or field measurement may help to validate this sstjgn. Furthermore, the suggestion

may be applicable to air change effectiveness fddnto 1.2 as the measurements were
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done with that range. It is also worth noting ttk@signers need to consider the load
characteristics of the heating load as the experisn@imicked only loads due to a cold
window surface. If the space is expected to hangeldoads due to heat transfer from
the floor, wall, or ceiling, which may cause tengiare gradients and variations in the
occupied space, several considerations should be.ma

With the aforementioned limitations, this reseastilh covers the majority of
applications of mixing ventilation with Group A a@foup E diffusers, which are most
commonly applied in HVAC systems. The findingstuktresearch may be applied to
offices, guest rooms in hotel, patients room healté facilities, and so on. One may
properly select and locate the diffusers and vehi&r application with data provided
by this research. In addition to properly select tate diffusers, the findings of this
research can be used to examine the optimizatian ehtire HVAC system.

For example, assume an office building with an afeg00 nt uses mixed
ventilation due to linier slot diffusers with hooiatal flow. Furthermore, assume
diffusers are selected and locatedmt /L = 0.25, which is in the recommended range
of both cooling and heating regimes. Then, the HW&Sign engineer needs to
examine the supply air temperature difference duin@ating. If the number of
occupants is 0.2 persordiand the required outside air is 2¥mperson, the total
outside air volume is 2,500%h. When the system is designed wifhi= -2 °C, from
the results of this studf is 0.9 and the actual outside air volume intak2880 ni/h.
When the system is designed wifth = -5 °C, the actual outside air volume intake is
3,600 ni/h andE is 0.7. If it is assumed that the outside air terafure is 2 °C and the
design set temperature is 22 °C, the heating cypacjuired to process the outside air

is 18.3 kW and 23.6 kW, respectively.
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Secondly, assume that the heating load for thelimgilis 30 W/ M and the
heating load of the target room is 20 kW. When lihésl is processed withT = -2 °C,
aséris 0.85 from this research, the actual load i$ RBV with an airflow rate 35,700
m% h. When processed withl = -5 °C, asr is 0.65, the actual load is 30.8 kW with an
airflow rate 18,700 dth. Therefore, the total required air volume amdted heat
quantity are 38,500 #h - 41.9 kW withT = -2 °C and 22,300 #h - 54.5 KW withdT
= -5 °C. An HVAC designer is able to evaluate egergnsumption off T = -2 °C and
AT = -5 °C by taking into consideration the fan e#fiety and the efficiency of the heat
source system. In the general, the amount of aitsidvolume and heat load are often
calculated by assuming the presence of perfeciigniit is possible to design and
examine more aspects of the system according tadiual situation based on the

findings of this research.
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Correlation of temperature and air geaeffectiveness
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