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ABSTRACT

The building sector generates about 30% of Canada’s CO, emissions, of
which 60% can be attributed to space conditioning systems. In a carbon
constrained world, “green building” technologies should reduce energy use in
buildings (and the associated emissions), while maintaining health and comfort.
Underfloor air distribution (UFAD) systems are gaining popularity because they are
believed to improve thermal comfort and air quality while using less energy than
overhead ventilation systems. However, the only prior field study reported poorer
results than expected.

This study reports a field study of a UFAD system in terms of ventilation
performance and temperature stratification (one of the sources of energy use
reductions). Overall, the performance of UFAD was substantially better than would
be expected for an overhead mixing ventilation system, however this study
identified some problematic space configurations that preclude realization of the

full benefits.
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1 Introduction

1.1 Background: building energy use and UFAD

In 2005, residential and commercial buildings in Canada used 2555 PJ
(NRCan 2007, table 2), which was about 30% of the total end use energy of the
country. The corresponding greenhouse gas (GHG) emissions totalled 139 Mt
COe (NRCan 2007, table 3), 28% of total Canadian emissions. Space
conditioning requirements, in turn, accounted for about 60% of the total energy
required by the buildings sector and a similar proportion of GHG emissions (other
end uses include office equipment and domestic hot water). In absolute terms, the
total (residential and commercial) space conditioning energy use in 2005 was 1567
PJ, with corresponding GHG emissions of 83 Mt CO.e, 18% for residential and
17% for commercial. These figures demonstrate the significance of the building
sector (and particularly space conditioning) in national energy use and GHG
emissions. Conservation of energy resources has aroused interest worldwide since
the 1970s energy crisis, an interest that has been growing lately with the
sustainable development movement (Inatomi, et al., 2006: 1).

New technology should maintain or improve air quality and occupant comfort
while reducing building energy use. Building energy performance depends on both
the individual performance of each element and their performance as an integrated



system (WBCSD 2007: 23). Underfloor air distribution (UFAD)' is a ventilation
technology that (described in Chapter 2: Literature Review) is believed to reduce
energy use relative to conventional overhead ventilation systems (Inatomi, et al.,
2006: 1). However, the only known field study found this technology to have poorer
thermal stratification and ventilation effectiveness (air change effectiveness and
pollutant removal effectiveness) than expected from computer simulation and test
room studies (Fisk et al. 2006: 299). The researchers commented “Before general
conclusions are drawn, the benefits need to be confirmed in other studies”, but no
published accounts of such studies were found prior to the investigation reported here.
The focus of this thesis was the field performance of a UFAD system in terms of
energy use, temperature stratification, and ventilation effectiveness. The UFAD
system selected for study was that installed at the University of Calgary’s Child
Development Centre (CDC), a recently completed high performance building
(details below).

1.2 Underfloor Air Distribution Systems

UFAD floor systems typically consist of composite steel and concrete floor
panels fastened to supporting pedestals (Figure 1-1). “The raised floor plenum

TA complete list of abbreviations may be found in the nomenclature section that precedes chapter
1.
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Figure 1-1 — Photograph of the CDC raised floor system

provides a convenient and accessible route for all building services from the
building core out to the point of use. Services include air distribution, but also can
include heating-hot-water piping for perimeter systems, electrical and
telephone/data cabling, sprinkler mains, domestic water piping, and drains” (Daly
2002: 21).

1.3 Reasons for using underfloor air distribution systems

Relative to overhead air distribution, UFAD systems are believed to provide
better conditions in terms of thermal comfort and removal of exhaled CO, as well
as reducing building energy use. These potential benefits of UFAD are addressed
in detail in Chapter 2. In addition, some potential economic and practical benefits
lead to use of UFAD. “Although owners may give high importance to energy and
maintenance costs, construction budgets are rarely expanded to provide for long
term savings” (Lehrer and Bauman 2003: 9). As a result, reductions should be
sought in both first and life-cycle costs to make these systems affordable. This

section addresses these supposed benefits.



1.3.1 Potential for reduced first cost

As stated by Lehrer and Bauman (2003: 9), “the distinct features of UFAD
systems result in certain elements that increase costs, and others that reduce
costs in comparison to overhead mixing systems”.

The primary cost increase is due to the raised floor system. In addition, raising
slabs (in areas where UFAD is not desired) and plenum sealing around floor
penetrations such as columns are also significant extra costs. Although it is rare,
some other extra elements may have to be added to the system to meet the
requirements of local building codes (e.g., sprinklers in the under floor plenum),
which also increases cost.

On the other hand, some first costs can be reduced due to the elimination of
overhead ductwork, reduced HVAC equipment size, and reduced floor-to-floor
height (Lehrer and Bauman 2003: 10).

A number of articles have noted the possibility of reducing floor-to-floor heights in
buildings with UFAD systems, creating cost savings in structural and fagcade systems.
However, raised floor heights are driven by the size of underfloor equipment and the
floor area: larger floor areas typically require larger main supply ducts, which increase
raised floor heights due to the physical constraints of integrating the main horizontal
supply ducts with floor pedestals

The size of the main distribution ducts could be reduced by using multiple
vertical shafts, however, this reduces architectural flexibility because the vertical
shafts are immovable elements (Daly 2002: 21). Integration of the UFAD system
with the structure is a critical issue for reducing floor-to-floor heights. Concrete
structures, the most effective structural system in terms of thermal storage
benefits, provide the greatest potential to reduce heights. Bauman and Webster
(2001: 22) quantified the potential for height reduction as 5% to 10%, however,
there are examples of office buildings with overhead system and lower floor-to-
floor heights than those identified by Lehrer and Bauman (2003) (Love 2007b),
further research is required on this potential benefit.

Preliminary findings of a study carried out by the Center for the Built

Environment (CBE) “show overlapping ranges for the sums of added and saved



costs”. According to Lehrer and Bauman (2003: 10) “UFAD may cost more or less
than overhead systems depending on the design options”. All in all, their findings
show that, although UFAD systems are generally perceived to be more expensive,

they cost about the same as overhead systems.

1.3.2 Potential for reduced life cycle cost

As noted by Lehrer and Bauman (2003: 10), UFAD systems may provide life
cycle cost reductions through energy use reductions and flexibility in
reconfiguration. Quantification of energy use reductions with UFAD systems
requires further field research. Bauman et al. (2007) provided new tools to model
and design UFAD systems, which will allow more reliable quantification of energy
savings. However, the research was based on full scale mockups and past
experience shows that performance may differ in full scale applications (Bauman
2007).

On the other hand, “the flexibility provided by the access floor and an
integrated design solution can reduce the costs associated with employee moves
and reconfigurations” (Lehrer and Bauman 2003: 10). According to the same
reference (2003: 2), “properly designed UFAD systems are integrated solutions
that are claimed to provide a great deal of flexibility, allowing fast and inexpensive
reconfigurations to accommodate the high churn? rates common in many

industries”. In a 1997 survey, the US average churn rate was found to be 44%

2 Churn is defined as the percentage of workers per year and their associated work spaces in a

building that are reconfigured or undergo significant changes (Bauman and Webster).



(Bauman and Webster 2001: 20). Preliminary findings by CBE indicate that the
flexibility provided by a UFAD system can save US$2.8/m? to US$19.6/m? annually
for a building with a churn rate of 41%. However, since churn costs are rarely
tracked rigorously, additional research is needed.

Other life cycle cost benefits of UFAD may result from the increase in worker
productivity due to better comfort conditions compared with overhead systems.
Fisk (2000: 556) found that improvements in productivity of 0.5% to 5% are
possible when the thermal and luminous environments are improved. “These
percentages have a life cycle value approximating that of capital and operating
costs of an entire building” (Bauman and Webster 2001: 22). However, underfloor
air proponents have yet to provide any assessment that specifically quantified the

benefit of UFAD systems.
1.4 The Child Development Center

1.4.1 General

The Child Development Centre (CDC) had its official opening October 9,
2007. Located on the West Campus of the University of Calgary, the CDC is a
12,000 m? four-storey building. The CDC provides space for complementary
services for children with developmental disabilities including educational spaces
on the first level and office space on levels 2 through 4, as well as a daycare for
children of University staff and students (Love 2007a). “The building houses the
University’s second child-care facility and a full continuum of researchers,
clinicians and frontline workers” (University of Calgary 2007).

The CDC was designed and constructed as a high-performance building with
an achieved Leadership in Energy and Environmental Design (LEED®) platinum
rating (CaGBC 2007). The green features of the CDC encompass site, water
efficiency, energy efficiency, material and resource, and indoor environmental

quality measures. This thesis focused on the performance of the underfloor air



distribution (UFAD) system. Love (2007a) describes the energy systems as

follows:

Heating is hydronic supplied by gas-fired boilers. (...) Levels 2-4 have underfloor
air distribution (UFAD) supplied by AHU-2, which has CO, demand controlled outdoor
air supply. The UFAD system is organized in “pods” of about six workstations with
each pod served by a variable air volume (VAV) box. This is to allow occupancy-
responsive control of air flow on a pod by pod basis.

Calgary is at 51° north latitude with a climate classified as “very cold” (Briggs
et al. 2002: 22) with mean annual temperature of around 4 °C. The 99% heating
design temperature is -27 °C. The 1% cooling design temperatures (dry bulb/wet
bulb) are 26 °C/15 °C. The region is semi-arid with skies that are rarely overcast

and often very clear.

1.4.2 The CDC UFAD System
The UFAD system installed at the CDC has ducted VAV air distribution in the

underfloor plenum. This is a rare configuration, the performance of which had yet
to be studied in detail prior to the study reported here. Most recent underfloor air
systems employ an open plenum or plenum with only a trunk duct. As explained in
Chapter 2 of this thesis, research on UFAD systems has focussed on open plenum
systems, and little rigorous field research has been conducted on any system
types.

There were some coordination problems in the design-construction team in
terms of initial location of supply diffusers relative to furnishing layout. About 75%
of diffusers conflict with furniture and/or occupant seating positions. These
problems provided the opportunity for a much broader assessment of the influence
of diffuser location on the performance of UFAD performance than would usually
be the case. The study was carried out prior to realignment of the diffusers.

Although levels 2 to 4 have a UFAD system, only level 2 was occupied in
2008 (funds are still being sought to fit out spaces for researchers on levels 3 and

4), and this was the location of the study.



1.5 Objectives

As noted above, some authors (e.g., Inatomi, et al., 2006: 1) attribute energy
efficiency benefits to UFAD systems. However, some of the most fundamental
aspects of UFAD systems performance remain to be understood (Bauman et al.
2007: 1). In 2007, Bauman et al. focussed their research on the energy
performance of open plenum (non-ducted) UFAD systems. This project was a
significant contribution to the characterization of the thermal behaviour of open-
plenum UFAD systems. However, review of the literature indicates that
performance of ducted UFAD systems had yet to be reported in the literature prior
to the research reported here. The general objective of this thesis was to
characterize the thermal behaviour and the ventilation performance of the ducted
UFAD system installed at the CDC. More specifically, this thesis focussed on the
lower than expected ventilation effectiveness found by Fisk et al. in the first
detailed field study of UFAD (Fisk et al. 2006).

The objectives of this thesis were:

1- to characterize the room air stratification (RAS) provided by ducted UFAD
systems, and possible trade-offs between occupant thermal comfort and energy
use. Room air temperature stratification provided by UFAD systems makes
“convective heat sources at or above the stratification height rise up and exit the
space without mixing into the lower zone” (Bauman, 2003: 30), which allows the
designer to ignore some of the space convective loads, and may reduce space
conditioning energy use. On the other hand, excessive temperature variation
between head and ankles could cause local thermal discomfort to occupants.
ASHRAE 55 (ASHRAE 2004: 8) limits vertical air temperature difference between
these levels to 3 °C.

This thesis reports the effect of space characteristics (heat generation, airflow,
and diffuser location) on thermal stratification, and proposes a method to evaluate

the potential energy use reductions allowed by stratification.



2- To address the ventilation effectiveness of the UFAD system installed at
the CDC, adding information to the short list of field studies on ventilation
effectiveness with UFAD systems.

Fisk et al. (2006) were the first to address ventilation effectiveness of UFAD
systems in the field. They found disappointing values of ventilation performance
indicators (air change effectiveness and pollutant removal effectiveness).

This thesis reports the effect of space characteristics (occupancy density,
airflow, room type, and diffuser location) on the ventilation performance of the
system (evaluated using pollutant removal effectiveness as indicator) and the CO,
extraction in the space (evaluated using CO, concentration at the breathing level

as indicator)

1.6 Thesis outline

Chapter 2 reviews current knowledge about UFAD performance. Section 2.1
addresses the thermal performance of UFAD, room air stratification and thermal
performance of underfloor plenums. Section 2.2 reviews the potential benefits of
UFAD, with particular emphasis on energy use reduction and improved CO,
extraction. Section 2.3 introduces the methods used to date to measure room air
stratification and ventilation effectiveness.

The study methods are explained in Chapter 3. Section 3.1 describes the
methods used to measure temperature stratification. Methods to evaluate pollutant
removal effectiveness (the indicator used as a proxy of ventilation effectiveness)
are detailed in Section 3.2. Section 3.3 describes procedures for measurement the
other variables required for the parametric analysis.

Results of the study can be found in Chapter 4. Section 4.1 provides the
results of temperature stratification. Results of ventilation effectiveness are given in
Section 4.2.

Finally, Chapter 5 presents the conclusions drawn from the study.
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2 Literature review

Underfloor air distribution systems (UFAD) are supposed to provide several
benefits compared with overhead systems (OH). These benefits include improved
thermal comfort, improved indoor air quality (IAQ), reduced energy use, improved
worker satisfaction and productivity, increased flexibility, and reduced life-cycle
costs (Bauman and Webster 2001: 20). However, “UFAD systems were being
designed and installed even before some of the most fundamental performance
aspects were understood or characterized, and standardized methods and
guidelines for designing these systems or optimizing their performance were not
available” (Bauman et al. 2007: 1). Field observations show big differences
between expected and actual performance of some UFAD systems (Bauman
2007). Firstly, this chapter describes the findings of the only previous study of
UFAD system performance. Secondly, this chapter lists the expected benefits
provided by UFAD systems, and reviews literature based on field studies and
actual experiences with UFAD systems that describe their performance and/or
suggest ways to make them perform as expected. The last section of this chapter
reviews the research methods used in previous studies to evaluate the

performance of UFAD systems.

2.1 UFAD systems understanding

Underfloor air distribution (UFAD) is a ventilation technology that uses the
plenum below a raised floor system to deliver air to the occupied zone (lower 1.2-
1.8 m of spaces). UFAD differs from displacement ventilation (DV) in the way the
air is delivered: in UFAD systems air is supplied at higher velocity through diffusers
distributed across the raised floor. Most diffuser models allow manual flow
adjustment by the occupants, providing some degree of personal comfort control.
The greater air momentum compared with DV systems provides some mixing
between supply and existing air in the occupied zone, whereas at higher elevations

above the influence of the supply diffusers, UFAD systems are expected to
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perform similarly to DV systems; there is no mixing and the air is stratified and
more polluted. For that reason, UFAD systems are sometimes referred as a “kind
of hybrid DV system” (Bauman 2003: 30). Typical supply air temperatures for
UFAD systems are 17-18 °C, considerably higher than the 13-14 °C for OH mixing
ventilation systems. In turn, discharge velocities range from approximately 0.25
m/s to 0.4 m/s depending on the diffuser type and the supply air temperature (Trox
Technik, 2007: 7).

Bauman and Webster (2001: 18) identified three basic approaches to
configuring UFAD

- The most common in current practice is the pressurized non-ducted
plenum, “with a central air handler delivering air to the plenum and into
the space through passive grilles, diffusers, modulated diffusers, or
fan-powered mixing boxes”.

- In a zero pressure plenum, “air is delivered into the conditioned space
through local fan-powered (active) supply outlets in combination with
the central air handler”.

- Finally, “ducted plenums provide air through ductwork to terminal
devices and supply outlets located in the floor panels”.

However, some recent installations use “trunk” ducts in the plenum so that
supply air discharge is distributed about the plenum rather than simply being
discharged from the plenum in to the riser. This reduces the uneven warming of
supply air (Bauman 2007) that had been experienced with the latter approach.

As described by Lehrer and Bauman (2003: 2), “diffusers and electrical boxes
are typically installed in one quadrant of each panel, so their locations can be
tuned by permuting and rotating panels”. In the case of UFAD systems with
ducting extending to the diffusers, the connecting duct from the main distribution
duct to the supply diffuser is normally flexible, allowing relocation of the panel
containing the diffuser. “Although the general intent of raised floor systems is to
allow for unlimited space planning options, designers must plan to provide
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appropriate access for servicing HVAC equipment, and attempt to locate them in
areas not likely to be covered with systems furniture” (Lehrer and Bauman 2003:
2). Daly (2002: 21) found that where conflicts occur, ductwork or “air highways™
are typically involved because they take up more room than any of the other
services. He stated that “hard ductwork or plenum dividers are difficult to
reconfigure and doing so requires access to large areas of the plenum”.

A negative consequence of such a flexible system is the potential for air
leakage in non-ducted plenums. Lehrer and Bauman (2003), Bauman and Webster
(2001) and Filler (2004) addressed this problem and provided some
recommendations to reduce this effect: 1) pay special attention to the intersections
of floor slabs with other elements (ensure sealing), 2) cover floor tiles with carpet,
carpet tiles should be of the same size as floor tiles (if any) to maximize relocation
flexibility (however, non-aligned carpet tiles can reduce plenum leakage), and 3) a
leak test should be performed as part of the commissioning process. Filler (2004:
41) found that leakage is 20-25% for marginal UFAD systems, compared with 10-
15% for good UFAD systems. However, he stated that leakage is about 20% for an
average overhead system, which, unlike in UFAD, remains outside the occupied

zone, mixing with the return air in the overhead plenum

S“Air highways” refers to the use of sheet metal walls within the raised floor plenum to accomplish
horizontal air distribution. The dividers create higher-pressure zones within the plenum that allow air
to be routed as in ducts. The air highways use the raised-floor itself as the top and the slab as the

bottom of the enclosure; sheet metal is used on the sides (Daly 2002).



13

Energy performance of Underfloor Air Distribution Systems (Bauman et al.
2007) reports a project conducted jointly by the 1) Center for the Built
Environment, University of California, Berkley, 2) University of California, San
Diego and 3) Lawrence Berkeley National Laboratory. The final report presents
results of experimental testing in a test room and analytical and computational fluid
dynamics modeling of room air stratification (RAS) and underfloor plenum
distribution, which were used to develop a simplified model of such systems for the
whole building energy performance software EnergyPlus. This was the only full-
scale experimental study found about UFAD. The following sections summarize
some of its main findings and conclusions. The Bauman study was a great
contribution to the understanding of the thermal behaviour of non-ducted UFAD
systems. Similar studies of ducted UFAD systems (both with ducting continuous to
the diffusers and with trunk ducts in the plenum) would be a useful complement. In
addition, ventilation effectiveness and air quality require further research for a
better understanding of UFAD systems, especially in field settings. Since these

systems are being used increasingly, this is becoming more important.

2.1.1 Room air stratification (RAS)

In cooling mode, “properly controlled UFAD systems produce temperature
stratification in the conditioned space”. However, “design engineers often cite
methods for airside design sizing as one of the most important unanswered
questions regarding UFAD system design” (Bauman et al. 2007: 7). The
performance of UFAD systems depends on supply air temperature and flow rate,
heat loads, number and type of diffusers and zone environment (perimeter or
interior). Understanding the effect of each of these parameters and their
interactions on the room air stratification is critical to properly design and control
UFAD systems.
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2.1.1.1 Interior zones

Regarding diffusers, Bauman et al. found that, in core zones, the performance
of standard swirl diffusers depends on variation in throw, which differs from
horizontal discharge and variable area diffusers. Thus, swirl diffusers have a
greater potential for managing stratification, because throw can be adjusted in
response to operating conditions (Bauman et al. 2007: 17-18).

Bauman et al. (2007) concluded that room air stratification will differ for
constant air volume (CAV) and variable air volume (VAV) UFAD systems. For CAV
systems, stratification profile seems largely independent of load. However, further
research is required to support this preliminary finding. On the other hand, VAV
diffuser throw varies when load changes (the system setpoint changes), and so
does stratification (Bauman et al. 2007: 18).

Finally, floor leakage (category 2 leakage®) in pressure-controlled swirl
systems increases stratification and reduces category 1 leakage®. Performance is
similar in systems with constant-pressure variable area diffusers (VA), “except that

as the system is throttled, the percentage of leakage becomes greater, potentially

4 Category 2 leakage: Leaks of conditioned air from the plenum through components of the raised
access floor system. Air enters the conditioned space above the raised floor. Bauman et al.
(2007:20)

° Category 1 leakage: General construction leaks from the plenum into other building cavities. Air is
wasted or short cycled to return air or to conditioned spaces (e.g., leakage around and in annular

spaces in conduit). “Air leaving the system”, which represents airflow loss. Bauman et al. (2007:20)



15

leading to loss of control at low loads” (Bauman et al. 2007: 21). However,

excessive floor leakage and stratification may lead to local comfort problems.

2.1.1.2 Perimeter zones

Bauman et al. found that, despite thermal loads differing between perimeter
and core areas due to wall and window heat gains and losses, “perimeter
stratification performance appears to be dominated by diffuser characteristics, as it
is in interior zones” when window blinds are raised (Bauman et al. 2007: 21-22).
Under peak load conditions, lowering the blinds has a substantial impact on
conditions in perimeter zones. It reduces the heat gain by about 15%, but it also
drastically increases the stratification in the upper zone. The reasons for this
phenomenon were not addressed by Bauman et al. (2007). Since blind use has
such an impact, it should be studied in more detail in further research (Bauman et
al. 2007: 23). (Bauman et al. 2007: 24, Figure 9) shows considerable stratification
in the upper zone with the blinds closed. It may be that interception of the radiation
by the blinds reduces heat contribution to the lower part of the perimeter space
and increases it to the middle elevation (the cavity behind the blind is warmed)

The effect of throw in room air stratification has been characterized as follows:
“stratification is increased and airflow is reduced as throw is reduced” (i.e., throw is
reduced as diffusers are added because the pressure is reduced) (Bauman et al.
2007: 22).

Regarding diffuser type, linear bar grilles (the type most commonly installed in
perimeter zones) and VA diffusers were found to perform similarly. However,
diffuser distribution in the room was found to be a key issue for perimeter zones,
since large increases in stratification, exceeding ASHRAE 55 recommended limits
(ASHRAE 2004: 8), were observed for the case lacking window diffusers (Bauman
et al. 2007: 22).
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2.1.2 Thermal performance of underfloor plenums

An important difference between conventional and UFAD system design is
that “cool supply air flowing through the underfloor plenum (in non-ducted UFAD
systems) is exposed to heat gain from both the concrete slab (conducted from
ceiling-level warm return air on the floor below the slab) and the raised floor panels
(conducted from the warmer room above)” (Bauman et al. 2007: 59), since neither
the slab nor the raised floors are insulated. “The magnitude of this heat gain can
be sufficient to cause undesirable loss of control of the supply air temperature from
the plenum into the occupied space” (Bauman et al. 2007: 59). This warming of
supply air can impair comfort control in the occupied space, particularly in
perimeter zones, where peak cooling loads are greater than in interior zones. On
the other hand, this heat transfer to the supply air can also be considered as
contributing to cooling of the occupied space by moving heat gains before they
enter the occupied zone, which implies a reduction of airflow requirements.
However, it can cause problems with temperature control because of increasing
supply air temperature with distance from the riser in unducted open plenum UFAD
systems (Bauman 2007). As noted in 2.1, the introduction of trunk ducts is
intended to mitigate this effect.

Based on “typical vertical temperature profile for a well-stratified interior zone”
(described by Webster el al. in 2002: 30), Bauman et al. (2007: 42) created a
simplified heat balance model to estimate the amount of energy removed from a
room with a UFAD system. They compared the relative proportions of energy
leaving the room through the two primary pathways: heat extraction via return air
plenum, and heat transfer to the underfloor supply plenum (through the floor
panels and the slab). They found that, for typical multi-story building configurations
(raised access floor on structural slab with or without ceiling), 30 to 40% of the total
room heat generation was transferred into the supply plenum and about 60 to 70%
left the room via return air extraction. Bauman et al. (2007: 46) also found that

adding insulation to the slab is the most effective way to reduce the magnitude of
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energy transferred into the underfloor plenum, and that higher airflow rates lead to
reduced temperature gain in the plenum. These findings suggest energy trade-offs
that merit further research. For example, higher air flows (which require higher fan
energy use) lead to a decrease of heat transfer to the supply plenum and reduced
temperature gain in the plenum. This allows higher coil leaving air temperatures,
which leads to extended economizer ranges (in mild climates, where outdoor air
temperature is frequently between 14 °C and 18 °C) and reduced chiller energy
use. Finding strategies to improve performance requires an accurate study of the
trade-off between fan and chiller energy use. All of the above findings have
important implications for the design, operation, and energy analysis of non-ducted
UFAD systems. However, as noted above, thermal performance of ducted UFAD

systems remains to be analysed in detail.

2.2 Benefits of UFAD

UFAD systems have the potential to provide improved CO, extraction and

comfort while using less energy than conventional mixing systems®.

2.2.1 lIssues in terminology related to ventilation performance

While efficiency is commonly used to mean the ratio of the effective or useful
output to the total input in any system, it is often used in a difference sense in the

literature on ventilation performance. For example, American Society of Heating

® Benefits related to potential for reduced costs were discussed in Chapter 1. This section reviews

the literature available on the UFAD benefits addressed in this thesis
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Refrigerating and Air-Conditioning Engineers (ASHRAE 2007) publishes a widely
used ventilation standard in which ventilation efficiency is defined as the
effectiveness in mixing air in a space.

Researchers have been using both “efficiency” and “effectiveness” to describe
ventilation performance. Fisk et al. (2006) used “pollutant removal efficiency”, Wan
et al. (2007: 369) and Skistad et al. (2002: 20) used “contaminant removal
effectiveness”, Zhang et al. (2001: 386) used “ventilation effectiveness factor”,
while Sandberg (1981: 124) used “relative ventilation efficiency”. This report study
uses ‘“efficiency” for the sake of consistency where using terms defined in
standards (e.g., ASHRAE 2007) and effectiveness in place of efficiency where
effectiveness is a more appropriate term, such as Fisk et al.’s ( 2006) “pollutant

removal efficiency”.
2.2.2 Improved CO; extraction

2.2.2.1 Indoor air quality metrics

ASHRAE 62.1 (ASHRAE 2007: 21) defines “zone ventilation efficiency” as the
efficiency with which a system distributes outdoor air from the intake to an
individual breathing zone. It is calculated as follows (for a single supply system):

E_=1+X, -2, Eqn 2-1

where:

E_ is ventilation efficiency
X, is average outdoor air fraction: At the primary air handler, the fraction of

outdoor air intake flow in the system primary airflow.
Z, is discharge outdoor air fraction: the outdoor air fraction required in air
discharged to the zone.

In field studies, air change effectiveness and pollutant removal efficiency are

the two leading metrics to quantify ventilation efficiency.
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Air change effectiveness (ACE) is an index of the “efficiency of the ventilation
process in controlling exposure to indoor generated pollutants emitted without
momentum or buoyancy at locations spatially distributed within a building” (Fisk et
al. 2006: 292). It “is determined from measured values of age of air, where the age
of a parcel of air represents the average time elapsed since the molecules in that
parcel entered the building” (Fisk et al. 2006: 292). As there is no strict definition of
local ventilation rate, the reciprocal of the age of air measured at a location can be
considered to be the local ventilation rate. Measurement of ACE is based on the
use of tracer gases to determine the age of air and calculate ACE. Fisk et al.
(2006: 292) used the following equation in their study:

ACE =1

Eqn 2-2

avg
where:

7, is the nominal time constant: the average age of air in airstreams

exhausted from the building, which equals the age of air that would occur
throughout the building in a perfectly mixed indoor air.

4,, is the average age of air measured at the breathing level locations.

Since 7, is the reference (perfectly mixed air, the theoretical limit for mixing

ventilation systems), ACE values higher than 1 would imply better ventilation
performance than can be achieved with mixing systems.

On the other hand, pollutant removal efficiency (see section 2.2.1) “indicates
the efficiency of the ventilation process in controlling exposures to real indoor
pollutants, which may originate in highly localized sources and be emitted with
momentum (e.g., from a warm source)” (Fisk et al. 2006: 293). Because it is
impractical to measure “all” the pollutants in a zone, CO, PRE measurement is
taken as a proxy for other occupant-generated pollutants Fisk et al. (2006: 293)
used the following equation in their study:

PRE = AC,. /AC,, Eqn 2-3

where:
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AC is the difference between indoor and outdoor concentration of CO»

Subscript RG refers to an indoor measurement at the return grille.
Subscript BZ refers to an indoor measurement at the breathing zone.
In a perfectly mixed indoor air room, concentrations at the return grille and
breathing zone would be the same, therefore PRE = 1. The theoretical PRE limit
for a mixing ventilation system is 1. As for ACE, PRE values higher 1 would imply

better ventilation performance than can be achieved with mixing systems.

2.2.2.2 Ventilation efficiency and CO; extraction with UFAD systems

UFAD systems supply air at higher discharge velocities than displacement
ventilation systems’, resulting in greater mixing, and a diminished degree of
displacement flow. In addition, unlike most DV systems, UFAD systems usually
recirculate a fraction of the return air. Therefore, improvements in CO, extraction
will be less than for displacement ventilation systems), with expected ventilation
effectiveness values for UFAD, although not yet adequately characterized (further
research needed), “less than or equal to 1.2” (typical value for DV systems), “but
higher than 1.0” (typical value for overhead mixing systems) (Bauman 2003: 35).
However, it is not clear whether Bauman was referring to air change effectiveness

(ACE) or pollutant removal efficiency (PRE).

4 Typical discharge velocities for UFAD: 0.25m/s to 0.4m/s depending on the diffuser type and
supply air temperature (Trox Technik catalogue, 2007). Discharge velocities for DV are typically
less than 0.2m/s (McDonell, 2003: 20)
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Fisk et al. (2006) carried out the most complete investigation to date
addressing ventilation efficiency of an operating UFAD system. Their field study
found a quite disappointing average measured ACE value of 1.02, which is close
to unity, the theoretical limit for conventional overhead mixing systems. On the
other hand, the average PRE value was 1.13, suggesting a 13% reduction in
exposures to occupant-generated pollutants relative to a perfect mixing system.
Overall, the authors found UFAD had moderate benefits relative to mixing
systems. Fisk et al’s field study was the first to address ventilation effectiveness of
UFAD. As the authors concluded, it was limited to a single system and further field
studies should be undertaken. Limitations included 1) the fraction of outdoor air
and 2) supply flow rates were fixed. This resulted in a rate of outdoor air supply per
occupant about three times that specified in the standard, which may have affected
UFAD performance. Daly (2002: 24) identified “overairing” as one of the most

common problems found in buildings equipped with UFAD systems.

2.2.3 Energy use

UFAD energy reductions derive from the following mechanisms.

2.2.3.1 Extended economizer range

While mixing systems have supply air temperatures of 13-14 °C, UFAD
systems have 17-18 °C temperatures, which extends the free cooling range and
reduces chiller operation time and corresponding energy use. As stated by Lehrer
and Bauman (2003: 7), “the use of the economizer cycle is highly climate
dependent”, and so are related energy savings. They state, “in climates in which
air must be cooled for humidity control, it may not be possible to use economizer

strategies”.

2.2.3.2 Increased chiller COP

The coefficient of performance (COP) of a chiller is the ratio of the removed
heat to the supplied work:
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CoP = Qs Egn 2-4

Considering the heat balance in the chiller:
Qhot = Qcold + in Eqn 2-5
And the Carnot relation for the maximum theoretical efficiency (temperature in

Kelvin):

O _ O.oui Egn 2-6
T T'cold

hot
From the above equations, COP can be expressed as follows:

Ivcold

COP = Eqgn 2-7

hot Tculd
The higher supply air temperatures compared with those in an overhead

mixing system allow higher coil leaving temperatures, thus, higher 7, (in

equation 2.7) and higher instantaneous chiller COP. As with the economizer cycle,
moisture control in humid climates may require the use of conventional coil leaving
temperatures. Hybrid system configurations (operation of a conventional air
distribution system cooled by the same air handler unit) could also require
conventional coil leaving temperatures (Bauman-Webster: 2001: 3). These

operation modes would preclude the COP increase.

2.2.3.3 Load reduction through room air stratification

Similarly to displacement ventilation systems, UFAD systems provide some
room air temperature stratification. In these “displacement-like” systems, comfort
requirements reduce from the whole room height to the occupied zone. ASHRAE
55 (ASHRAE 2004: 3) defines the occupied zone as “the region normally occupied
by people within a space, generally considered to be between the floor and 1.8 m
above the floor and more than 1.0 m from outside walls/windows or fixed heating,

ventilation, or air-conditioning equipment and 0.3 m from internal walls”.
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“In the same manner as for DV systems, the stratification height (SH) plays an
important role in determining the thermal, ventilation, and energy performance of
UFAD systems” (Bauman 2003: 30). He stated, “Convective heat sources at or
above the stratification height will rise up and exit the space without mixing into the
lower zone”. Thus, room air stratification allows us to ignore some of the
convective loads of a space, which leads to potential energy savings. However, the
room air stratification depends on the airflow and heat generation in the space.
Thus, it is a variable parameter. Practical and accurate tools for airflow calculations
only became available with Bauman et al. (2007) (briefly described in the previous
section - CFD analysis is too cumbersome for routine practice). Until then, the
most accurate method was an approximate one described by Bauman (2003) in
the UFAD Design Guide, although UFAD was the ventilation system chosen for
many projects in North America. As Daly (2002: 23) states, “no validated methods
existed to guide engineers assigning loads to both occupied and unoccupied
zones, it was left to engineer’s judgment”. Probably this lack of design tools led to
Daly’s (2002: 24) findings of measured return air temperatures being lower than
anticipated. This evidence suggested that “over-airing” was a frequent problem,
leading to reduced stratification and higher fan energy use (as explained in the
previous section, stratification decreases as airflow increases). Similar conclusions
were reached by Fisk et al. (2006: 298), who found small increases in indoor
temperatures between floor level and return grille. They stated that “it is possible
that more thermal stratification would have occurred if supply airflow rates were
lower or internal heat generation rates were increased”. Fisk et al's obervsation
would better be stated as “if heat generation overestimates were avoided and
supply airflow rates were based on realistic values”. In conclusion, for a given heat
generation rate, airflow rates and diffuser type will determine room air stratification.

Since UFAD performance is so sensitive to temperature stratification, and
this, in turn, depends on the relationship of airflow to heat generation rates, airflow

control becomes a critical issue. In order to avoid what he called “overairing”, Daly
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(2002: 24) concluded that variable flow systems should be used in zones with
UFAD. He stated that, in CAV zones, too much air causes space and return air
temperatures to decrease, however, in variable air volume (VAV) zones, air
quantities can be reduced in response to the controller: plenum pressure and
supply air flow rate are reset by a temperature sensor in the occupied zone. There
are no field studies that confirm Daly’s hypothesis regarding performance of VAV
UFAD systems.

One consequence of temperature stratification is that “thermostat temperature
cannot automatically be assumed to represent the average temperature in the
occupied zone, as it is with overhead systems” (Bauman 2003: 34). As an
approximate method, Filler (2004: 40) recommends adding 1-2 °C to thermostat
readings in controlling UFAD systems.

While large temperature stratification maximizes energy use reductions with
UFAD, excessive temperature gradients could translate into local thermal
discomfort for the occupants. ASHRAE 55 (ASHRAE 2004: 8) limits the vertical
temperature variation between head and ankles® to 3°C. Therefore, airflow should
be designed for energy savings through low airflows without exceeding the head-

ankles temperature differences defined in the ASHRAE thermal comfort standard.

® 1.7 m and 1.1 m for head (standing and seated adults respectively), and 0.1 m for ankles
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Figure 2-1 — Temperature Stratification and Ventilation Effectiveness

2.2.3.4 Thermal mass storage

Lehrer and Bauman (2003: 8) state that, in open plenum UFAD systems,

supply air is in direct contact with the structural concrete slab just below the supply

plenum, which thermal mass can be used for heat storage. During the warm

season, the concrete slab can be can precooled by night-time ventilation, allowing

the cooled thermal mass to act as a heat sink, extending the economizer cycle.

However, energy savings by night-time cooling depend on the climate (e.g.

condensation must be avoided in humid climates), and increases in fan energy use

must be taken into account to ensure an overall reduction in CO, emissions. The
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greatest potential for thermal mass storage strategies is in climates with mild
summer temperatures, significant diurnal swing and low humidity (Lehrer and
Bauman 2003: 8). Lloyd, cited in Lehrer and Bauman (2003: 8), addressed night-
time cooling strategies for buildings that require some morning heating. He found
that these buildings could still be cooled during the night by stopping the ventilation
an hour before the arrival of occupants to allow air temperature to increase slightly
through warming by loads such as office equipment. This control strategy provides
comfortable air temperatures when occupants arrive in the morning, and keeps the
thermal mass of the concrete slab cool and ready to absorb heat gains as cooling

loads increase during the day.

2.2.3.5 Reduced primary fan power

There are two characteristics of UFAD systems that potentially lead to energy
savings due to primary fan power reduction. First, in non-ducted plenum UFAD
systems, static pressure resistance in the air supply network may be reduced due
to the elimination of most branch ductwork. The magnitude of this reduction
depends on the building configuration and HVAC system characteristics and
layout. Second, the cooling load reductions achieved through the stratified
temperature profile could potentially reduce the supply air volume required to
maintain the.desired temperature in the occupied zone. “However, many UFAD
systems rely on terminal fan-powered boxes, which must be factored for total fan
power” (Lehrer and Bauman 2003: 9). Bauman (2003: 34) found that, overall, the
net effect is that airflow rates for UFAD systems range from 25% less to 15% more
than those required using overhead mixing systems. New design tools (Bauman et
al. 2007) may allow more effective design of UFAD systems, improving their

performance. Further research is required in this area.

2.2.4 Improved thermal comfort and productivity through individual control

ASHRAE Standard 55-2004 defines thermal comfort as “that condition of mind

which expresses satisfaction with the thermal environment and is assessed by
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subjective evaluation”. Therefore, since comfort is a subjective parameter,
occupants (with different clothing, activity level, metabolism...) comfort sensations
often differ under the same thermal conditions.

Conventional OH MV systems maintain homogeneous thermal conditions
throughout the conditioned space, with no opportunity for individual control of the
thermal conditions. On the other hand, UFAD systems deliver conditioned air
directly into the occupied zone, close to the occupant, usually through manually
adjustable diffusers. The amount of individual control depends on the type of
diffusers installed. Jet diffusers, referred also as task/ambient conditioning (TAC)
diffusers, have the highest potential for improved local comfort, because they
deliver air with directional diffusion components. UFAD systems with other floor
diffusers (such as swirl diffusers, which are designed to provide rapid mixing with
the room air) provide somewhat less effective occupant control (Bauman,
2003:41). Lehrer and Bauman (2003: 5) state, “When occupants are given control
of their environment, they are much more tolerant of a range of conditions”.
Accordingly, in a field study conducted by the Center for the Build Environment
(CBE), the occupants expressed appreciation at having control over their thermal
conditions even if they rarely used it. In addition to the improved local thermal
conditions, the increased air motion near the occupants avoids the sensation of
“stagnant” air conditions, and provides a perception of improved air quality
(Bauman and Webster 2001: 21).

While Fisk et al. (2006: 297-299) found moderately higher values of ventilation
effectiveness indicators (ACE and PRE) and temperature stratification in their

UFAD field study compared with typical mixing system values, the results of the

survey showed a level of satisfaction with thermal comfort at the 85th percentile;
ASHRAE (2004) considers 80% satisfaction to meet its standard. Another survey
conducted by the CBE found similar results regarding satisfaction.

Bauman and Webster (2001: 22) stated, “Research evidence indicates that

occupant satisfaction and productivity can be increased by giving individuals
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greater control over their local environment and by improving the quality of indoor
environment”. They cited previous research to quantify these improvements in
productivity: firstly, Wyon (96) found that “individual control of local cooling and
heating equivalent to £3 °C can improve group work performance by 3-7%
depending on the nature of the task” Secondly, Fisk (2000: 556) stated,
“Improvements in productivity of 0.5-5% may be possible when the thermal and
lighting indoor environmental quality is enhanced”. No studies addressing
productivity increase due to the comfort improvement provided by UFAD systems
were found in the literature. The literature cited above suggests some thermal
comfort improvements with UFAD, however, its implications for productivity
increase remain to be addressed.

Finally, Filler (2004: 43) stresses the importance of the education of
occupants regarding UFAD. Occupants should be informed about the benefits of
the system to them, and their opportunities to control their individual comfort
conditions. Without proper education, occupants may fail to realize the potential

benefits of the system.

2.3 Research methods

Various research methods have been used in UFAD studies depending on
project objectives. Bauman el al. (2007) used test room measurements to validate
a model capable of describing the thermal dynamics of UFAD systems. They
measured key parameters of the system to develop and validate the model. The
Fisk et al. (2006) field study focused on the UFAD system performance. Therefore,
they measured the ultimate performance of the system in terms of conditions
experienced by the building user, including temperature stratification and
ventilation effectiveness metrics.

The method used by Bauman et al. (2007) is summarized first, followed by a
review of the methods used in field studies to measure room temperature

stratification and ventilation effectiveness.
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2.3.1 Methods used for thermal performance analysis

The Bauman et al. (2007) project developed a theoretical model, and then

validated it with full scale lab tests. The project proceeded as follows:

1)

2)

3)

Development of a theoretical model for air temperature distribution in a
zone with UFAD diffusers. The inputs for this model were the room
geometry, heat sources (magnitude and position), and UFAD system
characteristics. The outputs were the stratification height, and a simplified
profile of temperatures in the room.

First level of experimental validation of room air stratification: salt-bath

water tank testing. Daly (2006: 22) describes the procedure as follows:

The approach involves approximating the buoyancy driving force of warm air in
real buildings with differing concentrations of salt-water in scaled-down two-
dimensional tanks. By varying the concentration of salt in the water that is injected to a
tank and the ambient concentration of salt in the tank, various levels of buoyancy can
be simulated. (...) One important difference between the theoretical models / salt-tank
testing and the real world is that this theoretical and experimental approach can only
model convective heat flows. It has no capacity to model radiant or conductive heat
transfer, since heat strength is simulated by varying salt concentrations

Therefore, the full scale test described immediately below was necessary
to validate the theoretical model.

Second level of experimental validation of room air stratification: full-scale
testing. Bauman et al. (2007) performed full scale testing in a lab with a

UFAD system, Daly (2006: 25) describes the test facility:

The UFAD lab consists of a 26 by 26 foot (8 by 8 meter) room with a supply
plenum below a raised access floor and a return plenum above a dropped acoustic
ceiling. The subfloor and roof of the room as well as all the exterior walls are heavily
insulted to isolate the experimental chamber from the surrounding warehouse where
the UFAD lab is located.(...) The UFAD lab is outfitted to resemble a commercial office
space, and includes desks, carpet, and furniture similar to typical office environments.
It is also configured with computers, lighting, and thermal manikins to simulate typical
office internal heat loads. The environmental chamber contains a series of high power
lamps that can be used to simulate solar gain into the room. The windows can be
covered and insulated, or they can be open with the lights on. In these modes, the
room can be configured to represent a perimeter zone with solar gain, or an interior
zone with no solar gain. The lab is installed with an HVAC system and computer
controls that allow a wide range of thermal environments to be simulated. It is ouftfitted
with an instrument grade data acquisition system that monitors and records time-series
data for a number of points, including temperatures, airflows, electric power flows, and
other configurable inputs. (...) Series of calibration runs were performed to explore (...)
the performance of the key independent components in the UFAD lab.(...) Following on
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the calibration testing, a series of test were performed in the chamber in order to
calibrate the model, including fully configured tests (realistic office environments).

4) Supply plenum model development and validation. As Daly (2006: 29)
summarizes the method used by Bauman et al.:

the basic approach involved developing a computational fluid dynamics (CFD)
model of a typical plenum that could be used to create a simplified model for use in
EnergyPlus. The CFD model was then validated against full scale testing results.

2.3.2 Room Air Stratification

2.3.2.1 General test conditions

Measurements have been made in both lab mockups and actual buildings.
Fisk et al. (2006) studied the performance of UFAD in an actual building. On one
hand, they could measure the performance of the system under real conditions,
but on the other hand, the system operating conditions were fixed, which was a
limitation of their study. Their measurements were performed in a two-storey office
building, with a total floor area of 3100 m? (Fisk el al., 2006: 292). Webster et al.
(2007) performed their full-scale tests in the York Air Distribution Research Facility
(floor area of 63 m?), which allows a broad range of room and system
configurations. Webster et al. (2007: 2) summarize some of the features of this test
facility:

The ADRF was configured to provide realistic simulated offices spaces for interior
and perimeter zones by installing actual office furniture, computer workstations, and
thermal manikins to simulate occupants. For perimeter zones, a solar simulator was
created by installing high temperature quartz lamps outside a window wall on one side
of the test room. For most of the testing the chamber was operated using a VAV control
strategy thus simulating commonly used control methods. Controls for the test room
were integrated into the air handler and chiller control system using York’s ISN facility
management and control products.

Diffuser type, number of diffusers, load, and floor leakage could be changed
to study their individual impact on room air stratification. Such isolation of variables

is essentially beyond possibility in occupied buildings.
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2.3.2.2 Measurement Heights

Generally, temperature measurements in the occupied zone provide
information on thermal comfort conditions experienced by the occupants;
therefore, temperature sensors are usually located at heights corresponding to
sensitive locations on the human body: ankle, knee, and head height (seated and
standing adult). ASHRAE Standard 55 (2004: 22) states, “air temperature and air
speed shall be measured at 0.1, 0.6, and 1.1 m levels for sedentary occupants.
(...) Standing activity measurements shall be made at 0.1, 1.1 and 1.7 m levels”.
Published field studies mostly followed ASHRAE 55, Table 2-1 shows the

temperature measurement heights used in several comfort guides and studies.

Table 2-1 - Heights of Temperature Measurements in the Occupied Zone

Author Measurement heights (m)

01 1015] 03 |055| 06 | 1.1 | 1.2 | 125 | 1.7
ASHRAE 55 (seated) X X X
ASHRAE 55 (standing) X X X
Fisk et al. (2006: 294) X X X X
Lau et al. (2003: 296) X X X X
Yu el al. (2006: 227) X X X X
Fukao et al. (2002: 66) X X X X X
Brager et al. (98: 88) X X X
Wang et al. (2006: 233) X X X

Measurement heights above the occupied zone vary widely among studies
depending on the height of the room being tested and the detail of information
pursued. In a study on thermal stratification with UFAD systems, Webster et al.
(2002: 29) measured temperatures at 15 cm height increments in order to acquire
a detailed record of stratification, however, they used 0.1 m and 1.7 m as foot and

head temperatures respectively to calculate the “average occupied zone
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temperature difference”. Similarly, in the room air stratification full-scale test
performed by Webster el al. (2007) as part of the Energy Performance of UFAD
Systems project, dense temperature measurements were made. Webster el al.
(2007: 31) mounted two sensors at 5.5 cm above the floor and 10.2 cm below the
ceiling, with 14 sensors located at approximately 24 cm intervals between these

two extremes.

2.3.2.3 Sensor accuracy

In room air stratification measurements, temperature readings between
sensors differ only few degrees C in highly stratified rooms, and as little as a
fraction of degree in less stratified rooms. Therefore, according to Fisk et al. (2006:
294), since room air stratification researchers are “interested in the extent of
stratification, small differences in sensor calibration are important”. Fisk et al.
(2006: 294) applied a correction factor to their sensors based on sensor

intercomparison during calibration tests. After such factors were applied, “all
sensors were within a +0.05 °C band; thus, the uncertainty in a calculated
temperature difference was approximately £0.1 °C”. Stratification studies seek
relative temperature differences throughout room height rather than absolute
temperature values, therefore, Fisk et al. could calibrate their sensors by
intercomparison instead of comparison with a reference. Table 2-2 summarizes

sensor types used in other field studies, and their corresponding accuracies.
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Table 2-2 — Sensor type and accuracy

Study Sensor type and accuracy

Yu et al. (2006: 227) Thermocouple wire type T with accuracy of £0.2 °C

Lau et al. (2003: 269) | Thermistors with accuracy of £0.2 °C

Kobayashi el al (2003: | Thermocouples with an error of 0.4 °C (including the

285) error of the data acquisition system)

Webster et al. (2007: | Type T thermocouples. They calibrated the whole
28) measurement system (sensors, assemblies and data
acquisition system) in situ using a precision

thermometer with accuracy of 0.01 °C

Air temperature sensors have to be shielded to avoid radiation effects.

2.3.3 Ventilation effectiveness

As stated by Breum et al. (1990: 1693) “a ventilation system may be
characterized quantitatively from the efficiency of the air exchange process and the
effectiveness of the contaminant removal process”. These quantitative parameters
are named (Fisk et al. 2006) “air change effectiveness” (ACE) and “pollutant
removal efficiency” (PRE) respectively, the latter is also called “ventilation
effectiveness” (Luoma et al. 2000: 658, Breum et al. 1990: 1693, Kobayashi et al.
2003: 288).

“ACE is a metric for ventilation efficiency determined from measured values of
age of air” (Fisk et al. 2006: 292), and is usually measured using a tracer gas
technique, such as injecting SFg tracer gas into the supply air and monitoring its
concentration in the return air. This thesis did not address air change effectiveness
of UFAD systems.

PRE is a metric of the effectiveness of the ventilation system in terms of the
contaminant removal process. Since this metric is pollutant specific, PRE values
may differ with pollutant. Fisk et al. measured the PRE for CO,, which according to

them, “should be representative of the PRE for other occupant-generated
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pollutants” (Fisk et al. 2006: 293). The definition of PRE for CO; is recovered from
equation 2.8:

PRE = AC,;/AC,, Eqn 2-8

where:

AC is the difference between indoor and outdoor concentration of CO».

Subscript RG refers to an indoor measurement at the return grille.
Subscript BZ refers to an indoor measurement at the breathing zone.

Fisk et al performed measurements of CO, concentrations outdoors, at the
return grilles, and at breathing levels (for both seated and standing adults). The
same instrument was used for the measurements at the return grille and breathing
zone to avoid errors due to sensor bias. For the same reason, Breum et al. (1990:
1695) recorded CO, concentration using a multi point measuring unit, with an
estimated accuracy of +5%.

Luoma et al. (2000) studied the autocorrelation® and variability of indoor air
quality measurements. They stated that “short-term measurements typically used
may reflect temporary conditions that are not representative of longer time
periods”, and caution that “essentially all of the factors affecting indoor pollutant
levels are time varying” (Luoma et al. 2000: 658, 659), which causes large
uncertainties in the representativeness of IAQ measurements. The same study

concluded (2000: 666) that the higher the product of air change rate and ventilation

® Correlation is the mutual relationship between two or more variables. Autocorrelation is the

correlation of a variable with itself.
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effectiveness, the lower the autocorrelation of IAQ parameters. They also found
(2000: 666) low autocorrelations of IAQ parameters in spaces provided with HVAC
systems with variable air change rates or under ON-OFF cycling. According to the
above, |IAQ parameters for systems combining VAV and UFAD (such as the CDC
system) are likely to have large variability. UFAD systems are supposed to have
high values of ventilation effectiveness, and VAV systems vary air flows to meet
the temperature set point and ventilation requirements. Both of the above
characteristics increase the variability of IAQ parameters. Luoma et al (2000: 667)

proposed strategies to

improve the accuracy and representativeness of measurements: 1) averaging
several or many replicate measurements; 2) using long averaging times for each
sample; 3) using multiple sites for each measurement to account for spatial variability;
4) making measurements at multiple times; 5) improving the precision and accuracy of
the sampling and analysis methodology; and 6) taking measurements under different
conditions to ensure that source variation is recorded

2.3.4 Methods and test conditions in the previous field study

The field study carried out by Fisk et al. (2004, 2006) was the first to evaluate
the performance of UFAD systems in terms of temperature stratification and
pollutant removal efficiency. No other such field studies were found up to the
completion of this thesis. Table 2-3 summarizes the test conditions and the general

research method (reported results) used in the Fisk et al. study.

Table 2-3 — Test conditions and reported results in Fisk et al. (2004)

Parameter Fisk et al. (2004)

Tested spaces A total of 6 spaces were tested in Fisk et al.’s study. 2 of
the 6 spaces were private (individual) offices, while the

remaining 4 were open spaces with workstation cubicles.

Supply air flow rate | Nominal supply air flow rates were used: “Supply flow

estimate rates per unit floor area were based on supply flow rates

for each heat pump unit from equipment schedules on
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drawings and the floor area served by each heat pump

unit”. Supply air rate ranged from 2.1 to 4.0 L/s per m?.

Internal  heat gain

estimation

“To estimate the internal heat generation rate, we started
with plug

measurements by Deru et al. (2003). They estimated that

estimated lighting and loads from
overhead and task lighting in the office areas consumed
approximately 11 W/m? and that plug loads were
approximately 6 W/m?. We added an estimate of internal
heat generation of occupants, based on a counting of
occupants in each study area once per day (between
10:30 and 13:45) and an assumed sensible heat release
per occupant of 75W”. They estimated that heat gains

ranged from 16 to 20 W/m?.

Heat transfer through

walls and windows

Fisk et al. did not mention accounting for exterior heat
gains nor did they provide information regarding test
locations within the building (i.e., core vs. perimeter),
although a footnote in the report (“sensors were located
away from windows to reduce the impacts of solar
radiation on the measured temperatures”) suggests that
some of the tested spaces were at the perimeter.

Diffuser location

Fisk et al. did not provide information on diffuser location

relative to occupants and furniture.

Sensor location in the

Fisk et al. did not report sensor location (plan location)

space relative to diffusers, occupant seating position, and
furniture.
PRE tests and | A total of 16 PRE measurements were performed in 6

reported values

spaces. “The reported values of PRE are 9 to 12-hour
averages from the periods of occupancy of the office”.

Note, however, that the number of occupants was
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counted once a day, and assumed constant. According
to Table 1 in Fisk’s report, 3 of the 16 tests correspond to
unoccupied spaces, yet, their results were used to
calculate the overall average PRE. Fisk et al. reported
the PRE results of the 16 individual tests, however, they

omitted the CO, concentrations in the spaces.

Temperature
stratification tests and

reported results

Fisk et al. reported temperature stratification values
corresponding to periods of space cooling only. Their
reported values of temperature differences are time
averages for all the days of measurements for each one
of the 6 tested spaces. The report is not specific
indicating the number of temperature tests performed,
although it seems logical that it is 16, the number of PRE

tests.

Fisk et al. (2006: 298) characterized their test conditions as “low internal load

and moderate supply airflow rates”, however:

- Lighting power density in the Fisk et al. study building were 11 W/m?,
which is just below the 12 W/m? limit imposed by ASHRAE Standard
90.1 (2004: 65) for office spaces. In turn, 6 W/m? of plug loads is close
to the median values of about 7.5 W/m? found by Komor (1997: 43).

Fisk et al. did not provide detailed information on occupancy density,

however, the above values of heat gains from lights and plug loads are

normal.

- Bauman et al. (2003: 37) recommended 3 L/s per m? as a “reasonable

target” to balance vertical temperature difference for comfort and

stratification for energy performance, which falls in between the 2.1 to

4.0 L/s per m? range of supply air reported by Fisk et al.
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Thus, the test conditions in the Fisk et al. study could be considered as

normal in terms of both heat gain and supply air flow rate.
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3 Methods

The field performance of a UFAD system was evaluated in terms of
temperature stratification and ventilation effectiveness. These two characteristics
were analyzed as a function of 1) space heat generation rates (plug loads, lights,
and occupants) and 2) supply air flow rate and temperature. This chapter provides
detailed information on the methods used to measure the variables required for the
performance analysis. Details on sensor type and accuracy may be found in

Appendix C.
3.1 Temperature Stratification

3.1.1 Measurement locations

Thermistors were located across a range of heights in order to determine the
vertical profile of temperatures in the test spaces. Measurements in the occupied
zone were made at heights of 0.1, 0.6, 1.1, and 1.7 m above floor level. These
heights are consistent with those used in other field studies such as Fisk et al.
(2006: 294), Lau et al. (2003: 296), Yu el al. (2006: 227), Wan et al. (2002: 255),
and Fukao et al. (2002:66). Moreover, ASHRAE Standard 55 (2004: 22) defines
maximum vertical temperature differences in terms of the differences in
temperature between these heights (e.g., head-foot). A sensor was also located
2.9 m above floor level (0.1 m below ceiling level) to evaluate overall vertical

temperature differences. An additional thermistor was located inside one of the air
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diffusers to measure the supply air temperature. The temperature sensors (with
the exception of the one in the supply diffuser) were attached to a pole to support
and align the vertical temperature measurements. Figure 3-1 shows a picture of
the test equipment.

Apart from vertical temperature differences, ASHRAE Standard 55 (ASHRAE
2004) uses operative temperature for evaluation of comfort conditions'. ASHRAE
55 (ASHRAE 2004, 20) allows air temperature as an acceptable approximation for
operative temperature under specified conditions, met for most of the test spaces
(perimeter office — see Appendix B). However, two of the thirty temperature tests
were performed with radiant cooling panels in operation. ASHRAE 55 (2004: 20)
spaces with radiant heating and/or cooling are excluded from use of air
temperature as an approximation for operative temperature”.

It was necessary to locate the sensors to avoid interference with the normal
activity in the building. The pole-mounted sensor array was located as close as
possible to the occupant’s position in the workstation (plan drawings of the spatial
units of analysis and the measurement locations are provided in Appendix A).
Unoccupied workstations were tested with sensors located at the chair position,

% ASHRAE 55 (2004: 5) uses operative temperature to define the window for acceptable thermal
conditions. Operative temperature “is the average of the air temperature and the mean radiant
temperature weighted, respectively, by the convective heat transfer coefficient and the linearized
radiant heat transfer coefficient for the occupant” (ASHRAE 55, 2004: 10). However, air
temperature is the metric used in the same standard (ASHRAE 55, 2004: 8) to define the allowable
vertical temperature difference between head and ankles

" Temperature of the radiant cooling panel was unknown, therefore, MRT could not be calculated
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while the sensors were located about 40-50 centimetres from the chair when
testing occupied spaces. The sensors were located further from occupant positions
during meeting room tests'?.

Because so few measurements have been conducted in operating buildings
with UFAD systems (i.e., 7 workstations studied by Fisk et al. 2006), test spaces
were selected to provide a variety of occupancy densities, heat generation rates,
locations of the diffusers relative to occupants and furniture, room type (open
space, individual office, meeting room and break out room), and orientation (core
space, south facing perimeter space, north facing perimeter space). Several tests
were performed in the meeting room because the changing number of meeting
attendees provided the opportunity to test the system under a large variety of heat
generation rates and ventilation requirements. A floor plan of the tested areas may
be found in Appendix A.

3.1.2 Processing of temperature data

A data logger recorded thermistors readings nearly simultaneously at one-
minute intervals. There were six readings for each interval: 4 for the occupied

zone, 1 for the ceiling, and 1 for the supply air temperature. The correction factors

' The sensor array was mounted in the meeting room prior to the arrival of the meeting attendees.
Therefore, the researcher had no control over the distance of the sensors relative to the occupants.
The sensor array was located at a corner of the table to avoid interference with the meeting
(location can be found in Appendix A)
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described in Appendix C were applied to the raw data. Finally, vertical temperature
difference indices were calculated based on the corrected temperature readings:
- floor-ceiling vertical temperature difference = Temp(2.9 m) — Temp(0.1
m)
- occupied zone vertical temperature difference = Temp(1.7 m) —
Temp(0.1 m)
- seated occupant head-foot temperature difference = Temp(1.1 m) —
Temp(0.1 m)

Sensors were left in the test room for at least 1 hour prior to recording values
for analysis in order to ensure thermal stabilization.

Vertical temperature differences for the occupied zone and seated occupant
were required for the thermal comfort assessment, while the floor-ceiling vertical
temperature was used to evaluate the potential of UFAD to reduce energy use (by
excluding loads above the occupied zone) compared with conventional overhead

mixing systems.

3.2 Ventilation effectiveness

The metric used in this study to characterize ventilation effectiveness was
pollutant removal efficiency (PRE) for CO,, which indicates the efficiency of the
ventilation system in extracting CO, generated by occupants. PRE for CO, was

calculated using Eqn 2-3 (section 2.2.2.1).

3.2.1 Measurement locations

Return concentration was measured at 2.9 m above floor level (0.1 m below
ceiling level), breathing height measurements were made at 1.1 m above the floor
(corresponding to the face height of a seated occupant), and supply air CO,
concentrations were measured inside a supply diffuser. Flexible tubes conducted
air from each of the three measurement points to the multiplexing system that fed
the CO, analyzer. Tube intakes corresponding to return and breathing heights

were mounted on the pole used for the temperature sensor array. The tubes were
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long enough so the same sampling protocol would work in a variety of settings
(e.g., with a greater distance from the workstation to the diffuser). Figure 3-1
shows the test equipment. CO, concentrations were measured at the same work
stations and at the same time as the temperature measurements (see 3.1.1).
Since the only source of CO; in the tested spaces were people, occupancy density
was a key parameter for ventilation tests. The meeting room offered the largest

variety of occupancy densities; therefore, this space was subject of several tests.

Figure 3-1 - Photograph of the test equipment
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3.2.2 Processing of ventilation data

The multiplexing system was programmed to switch the sampling point every
5 minutes. This measurement strategy was chosen because only one high-
precision CO, analyzer was available due to the expense (about C$6,000). Fisk et
al also used multiplexing (Fisk 2007). An advantage of multiplexing was that it
eliminates errors due to instrument bias; however, it precludes the simultaneous
measurement of the three sampling points required to calculate PRE (see Eqn 2-
8). Data were compiled and treated according to the following algorithm:

1- The gas analyzer recorded instantaneous CO, concentration values
with a 5 second time step (12 readings per minute).

2- 5 minutes worth of data were recorded for each sampling point
(breathing zone, return, and supply), totalling 60 readings per point
per 5-minute measurement period. A “round” of measurements
consisted of three individual 5-minute measurements, lasting a total of
15 minutes.

3- Readings corresponding to the first minute of measurements of each
sampling point were discarded. These readings were affected by the
“old” air that was drawn into the sampling tube during measurement at
the previous sampling point. The air pump of the gas analyzer was

capable of “flushing” the “old” air of the longest sampling tube in less
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than 15 seconds; however, the entire first minute of data (12 readings)

was discarded to ease the data preparation process'".

4- The median of the readings from the last 4 minutes of each sample
(48 readings) was calculated, and chosen as the representative value
for the CO, concentration for the sample. The median was used

because the mean is limited to distributions that are known to be

normal.
5- Steps 3 and 4 were followed for the three sampling points.
6- In order to compare CO, concentrations at the three levels in a given

cycle through three sampling points, linear interpolation was used to
approximate CO; levels of the three sample points in the center of the
15-minute period. The following equations were developed based on
Eqgn 2-8 and the linear interpolation:

2*C (n)+C, (n+1)

C _ breathing reathing
breathing ~— 3

Creturn = Creturn

® Note that Fisk et al. did not indicate any allowance for time to clear the sampling tube after
multiplexer switching from one sampling point to another

" The CO, logging system recorded “measurement time” in “hh:mm” format (i.e. there was no
information on the “second” the data points were recorded). All the data corresponding to the first
minute were discarded to ensure that the readings of the first 15 seconds were excluded from the
calculation
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2*Cop (M) +Cp (n=1)

Csu 3% =
P 3 Eqn 3-1
Where r is the index of the measurement “cycle”
7- For each test, the medians of C C and C were

breathing return ? sup ply
calculated, and chosen as the representative values for the CO,
concentrations at their respective levels.

8- PRE was calculated by using the concentration values calculated in

step 7 in Equation 2-8.

3.3 Other variables used for the analysis

From the literature review, parameters affecting temperature stratification and
pollutant removal effectiveness are supply air flow rate, supply air temperature,
occupancy pattern, and heat generation rates. Supply air temperature

measurement is addressed in 3.1. The other variables were determined as follows:

3.3.1 Supply air flow rate

The CDC UFAD system is a ducted variable air volume (VAV) system. VAV
means that the air flow increases when cooling loads are higher and decreases
when they drop (perimeter zone heat losses are offset by hydronic baseboard
convectors). The floor is divided into thermal control zones of about 50 to 80 m?.
Each thermal control zone had half a dozen or so diffusers connected to an air flow
control box (the industry nomenclature of “VAV box” is used for convenience). The
BMS adjusts air flow through the VAV box in response to signals from the zone
thermostat.

Fisk et al. (2006) used nominal supply air flow rates in their analysis. In this
study, actual supply air flow rate was determined two ways: 1) from the building
management system (BMS) and 2) checked against flow measurements
performed at individual diffusers with a portable air flow meter. Details on sensor

type and accuracy may be found in Appendix C.
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3.3.2 Internal gains

Internal gains in the spaces’® were estimated as follows:

- Occupants: the researcher counted the occupants in the space. The heat
gain from an occupant was assumed to be 70 W/occupant (ASHRAE
Fundamentals Handbook, 2001: 29.4).

- Lighting: The luminaires in the space were counted by the researcher, and
the total was multiplied by their corresponding nominal power (56 W per
luminaire).

- Plug loads: The researcher counted the plug loads in the space (including
the measurement equipment), which were assumed to deliver the following
heat gains:

o Desktop computers (average value for “on mode”): 70W (Robertson
et al., 2002: 20)

o Laptop computers (average value for “on mode”): 19 W (Robertson et
al., 2002: 23)

o LCD monitors connected to desktop computers (average value for

‘on mode” based on an average of 0.05 W/cm? and approximate

'® For tests in open plan offices, a “space” was defined as the area served by the same VAV box.
Corridors were included in the test spaces when they had supply diffusers. Corridors attached to
spaces 2137-2140 and 2143-2146 were not included in the “test space” because 1) the
workstations were laid out providing an enclosed space, and 2) the corridors had neither diffusers
nor equipment (i.e. neither heat gains nor heat removal). For individual offices, meeting rooms, and
break out rooms, the “space” included the area within the room (note that in the meeting room, the

“space” was served by more than one VAV box)
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area of 1150 cm? for 450 mm [18”] monitors): 57 W (Robertson et al.
(2002: 17)
o LCD monitors connected to laptop computers (average value for “on
mode” based on an average of 0.03 W/cm? and approximate area of
700 cm? for 380 mm [15”] monitors): 21 W (Robertson et al. (2002:
17)
o LCD monitors in meeting rooms (average value for “sleeping mode”
for 450 mm [18”] monitors): 3 W (Robertson et al., 2002: 32)'®
Computers and their corresponding monitors were assumed to be in “on”
(active) mode, since they were being used either by the occupants or by the
measurement equipment. Monitors in meeting rooms were assumed to be in

“sleep” mode.
3.3.3 Heat transfer through walls and windows

3.3.3.1 Conductive and convective heat transfer

Spaces located in perimeter areas were affected by heat transfer through
walls and windows. This can be expressed as follows:
Q=U*4*(,, ~T,) Ban 32
where:
O is the heat transfer (W)

'® The actual monitors were larger than 18”, however, this was the largest size reported by

Robertson et al.
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U is the heat transfer coefficient of the exterior wall or window (W/m?K)
Ais the area of the exterior wall or window (m?)

T . is the outside temperature (K)
T, is the inside temperature (K)

Values for these variables were obtained as follows:

The effective U value of exterior walls and windows determined for the design
energy analysis was used (Love 2007b):

- Walls: U=0.41 W/m°K
- Windows (including frame): U=1.94 W/m?K

Areas of windows and walls were measured in situ.

An average of the outside temperature readings was calculated for each
“steady state condition” (see below for the definition of steady state).

Space temperatures were monitored for the purpose of this study (see 3.1.1
above). The weighted average of the measured temperatures in the space was
used: midpoint temperatures between sensors were calculated, and were used to
calculate the weighted average temperature across the room height. Temperature
at 0.1 m was assumed to be representative of the lowest layer (0 m — 0.1 m), and
temperature at 2.9 m was assumed to be representative of the highest layer (2.9 m
— 3 m). The weighted average was calculated as follows:

Tavg =T, x 0.1m AT, % 0.5m AT, % 0.5m AT x 0.6m AT, % 1.2m AT, % 0.1m
‘ 3m ' 3m ' 3m ' 3m ' 3m ‘ 3m

Eqgn 3-3
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3.3.3.2 Solar heat gains

Spaces tested in this project were free of direct solar gains through
windows'’, therefore, only diffuse solar heat gains were included in the
calculations. These can be expressed as follows:

Q=T *T,;*Gye* 4 Eqn 3-4

g
where:
Q is the solar heat gain (W)
T, is the solar transmittance of the interior shading device (dimensionless),

which was 1 in all the tests, since there were no interior shading devices
T,is the solar transmittance (diffuse) of the interior glazing (dimensionless),
which was 0.32, according to the window shop drawing

G,is the diffuse radiation in the incidence angle 6(W/m?), which was
obtained through linear interpolation of the values in the ASHRAE Handbook
(tables 16 and 17, 1993: 27.24)

Ais the area of the exterior window (m?), which was measured in situ

3.4 Steady state conditions and reported results

The objective of this thesis was to characterize the performance of UFAD
systems in terms of ventilation effectiveness and temperature stratification. The
variables of interest were supply air flow and temperature, space heat gains, and

' The windows of the tested south facing spaces were shaded by a photovoltaic array
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number of occupants'®. In order to evaluate system performance under controlled
conditions, this study limited analysis of temperature and ventilation data to
periods with constant conditions. While a standard to determine PRE remains to
be developed, ASHRAE Standard 129 (ASHRAE 2002) provides procedures for
experimental determination of air change effectiveness (ACE), a related criterion.
Table 3-1 defines the “steady state conditions” used in this study, and compares
them to the requirements for “acceptable test spaces” in ASHRAE standard 129
(2002: 3)".

Table 3-1 — Steady state conditions and ASHRAE Standard 129 requirements

Variable Steady state conditions ASHRAE Std 129 requirements

“The

maximum

Occupancy The number of occupants was difference between

constant for the measurement and minimum

period, although short | number of occupants within the

variations in occupancy (e.g.,
person leaving desk for 5

minutes or less) were accepted

test space shall not be larger
than 10% or the test space

shall be unoccupied”

Internal heat

Internal heat gains remained

“The difference between

18 Occupants were of special interest because they generate CO,

¥ ASHRAE Standard 129 also requires that “The range of the temperature difference between all
return airstreams and the supply airstream hall not be larger than 1.1°C during the test. The
difference between the maximum and minimum temperature of each return airstream shall not be
larger than 3.3 °C”
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gains constant for the measurement | maximum and minimum
period internal heat generation by

equipment (e.g., lights, space
heaters, computers) shall not
be larger than 10% during a
test”

Heat transfer | Variations of exterior | no criteria

through temperature remained below

exterior walls

5°C, and variations of heat
transfer through walls of the
tested space remained below
70W

Air flow

Air

fluctuated around a constant

flow was constant or

value. In spaces with moderate
the
supply airflow presented high

heat generation rates,
fluctuations with no specific
the

median of the airflow readings

trend. In these cases

was used

“All air streams of the HVAC
system serving the test space,
including the supply air, return
the

airstreams exiting each supply

air, outdoor air, and
outlet and entering each return
inlet, shall have a constant flow
rate to the degree practical,
e.g., the difference between the
maximum and minimum should
be within 10%. Fan and damper
controls shall be overridden if
that

positions and fan speeds are

necessary so damper

constant during the test”
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The reported values in this thesis correspond to the system performance
under these steady state conditions (i.e., the transition periods from one state to
another were excluded). Appendix D shows the algorithm followed to ensure that

the tests complied with the above conditions.

3.5 Energy savings due to temperature stratification

Fisk et al. (2004:18) developed mathematical expressions for energy savings
attributable to thermal stratification for constant air volume (CAV) systems. This
section develops similar expressions for variable air volume (VAV) systems such
as the one installed at the Child Development Center. Fisk et al. assumed that 1)
supply air flow was constant, and 2) energy use reductions were achieved through
increasing temperature of the air exiting the cooling coil. In order to better match
the actual functioning of a VAV system, this project assumed that the temperature
of air exiting the cooling coil remained constant, while the air flow was reduced.

The energy calculation is based on the comparison of two UFAD systems: 1)
one without thermal stratification (system 1) and 2) one with thermal stratification
(system 2). The two systems are assumed to have the same supply air
temperature, and both provide the same temperature in the occupied zone®. Heat
gains through the supply fan and the underfloor plenum would be identical in both
systems, therefore, they were excluded from the energy analysis?’.

2 For the space with thermal stratification, the average temperature in the occupied zone was used
#! With this assumption, air temperature does not rise from the cooling coil to supply diffusers,

Tce=Ts
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The nomenclature used by Fisk et al. was maintained to simplify comparison.

Exhaust air

B [RARLTSN— [RARAESN— IRREEN— IRREENN—" TR

Returnair (M, Ty}

- -
‘ — S,
Recirculated air '

(Mec, Tr)
(Mon, Toa)

Outdoor air

T _
—

/

Supply air > u

Cooling coil
M, Tee)
Supply fan %
MT)

[ == J"HH\ \/

== \/ JIHH\ W JH|H\ N7

Figure 3-2 — System diagram

Table 3-2 — Variable names

Term

System 1 System 2

(no stratification) | (stratification)

Temperature of Outdoor Air T,,
Temperature of air exiting cooling coil T (=Ty)
Temperature of supply air T,(=T,.)
Temperature of return air Tir Ty
Average temperature in occupied zone T,,
Temperature stratification in the upper - AT, ,
zone: Temperature return — Temperature

occupied zone

Total heat removal by the air conditioning O\ ¢ O, 4c
unit

Rate of heat transfer to the air flowing

QROOM
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through the room (occupied + upper zone)

Product of mass flow rate and specific heat M, M,

of supply airstream

Product of mass flow rate and specific heat M,,, M,,,

of outdoor air in the supply airstream

Product of mass flow rate and specific heat M .. M e,
of recirculated air in the supply airstream
Fraction of outdoor air in supply airstream X, X,

Calculations for two scenarios were developed:

Scenario1: The amount of outdoor air (OA) supplied to the space is the same
in both systems. This scenario would correspond to the case in which the study
space is the most densely occupied in the building, and the fraction of OA in the
supply stream is adjusted to meet its requirements.

Scenario 2: The fraction of OA is the same in both systems. The air handler
OA fraction is set to meet the ventilation requirements of the zone with the highest
OA requirements as a fraction of total zone air. For example, if a meeting room
and a south-facing computer lab were conditioned by the same air handler, the OA
fraction requirement in the meeting room would be much higher than in the
computer lab (because the latter would require much more cooling). If the meeting
room requires 30% OA fraction, this would also be the OA fraction in the lab
(regardless of its actual requirements). This scenario would correspond to the case
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when the space is not the most densely occupied in the building (the computer lab
in this scenario), and the fraction of outdoor air in the supply stream is driven by
the requirements of another more densely occupied space (the meeting room in
the example).

Fisk et al. calculated the energy savings for a CAV system supplying a single
zone (or multiple zones with the same vertical temperature stratification), which
corresponds to Scenario 122, However, Scenario 2 more closely represents the
actual operating conditions of a VAV system, where the OA fraction is fixed by the
AHU, but the amount of OA varies among zones.

3.5.1 Scenario 1: constant amount of outdoor air
The supply air is the sum of outdoor air and recirculated air:
Ml = MIOA +M1Rec Eqn 3-5

M, =M,,, + M. Egn 3-6
Outdoor air equations:
My, =M, =M, Eqgn 3-7

M, =MX =M,X, Eqn 3-8

Recirculated air equations:

2 |n their calculations, both the total air flow rate and the OA fraction were constant. Therefore, the

amount of OA was also constant
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M. =M, (1-X)) Egn 3-9
M. =M,(1-X,) Eqn 3-10

Energy balance across the cooling coil:
QIAC:MIOA(TOA_TCC)+M1Rec(TlR_TCC) Eqn 3-11
Oruc =My, (Toy —Tee)+ Moge (T = Tee) Eqgn 3-2

Energy balance across the room:
Oroow =M (Tx —T) Eqgn 3-13
Oroow =M, (Tyz = T) Eqgn 3-14

Orooy 1S the same in both cases, 7. =7y, T,, =7,,, and T,, =T,, + AT, ,,

therefore, equations 3-14 and 3-15 can be combined as follows:

M (T =T5) = M, (Ty, = T) Eqgn 3-15
M (T,, =T¢) =M ,(T,, + AT, , —Ty) Eqn 3-16
Mo,(Tog =Te) + Mg (Toy = T5) =Moo, (Toy + ATy o = T) + Mg (Tog + ATy o —T)
Eqgn 3-17
Because M,,, =M,,,: Eqn 3-7
M g (T =T5) = M0, ATy o + Moge (T + ATy o = T) Eqgn 3-18
(M gee =Moo JToz =Ts) = AT o (M0, + M yy,..) Eqn 3-19
M ATy o = (M gee =M g )Toz = T) Eqn 3-20
Energy savings due to stratification:
Savings = 0, ,c =0, Eqn 3-21

Introducing equations 7 and 8

QIAC _QZAC :MIOA(TOA _TS)+M1Rec(TOZ _TS)_MZOA(TOA _TS)+M2Rec(TOZ +ATR—O _TS)
Eqn 3-22
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Introducing equation 3.8 and rearranging

QIAC - QzAc = (MlRec _MZRec)(TOZ - Ts) _MZRecATR—O Eqn 3-23

Combining with Eqn 3-21

Oric = Orue =M ATy o —M 3 ATy, Eqn 3-24
Oric = Orue =M ,0,ATy Eqgn 3-25
Oruc = OQruc = MXAT, Eqgn 3-26

Where MX is either M X, or M, X,

Note that Fisk et al. (2004: 20) obtained the same expression for energy
savings (Eqgn 3-21).

Fisk et al., (2004: 20) calculated a “total energy savings fraction” as follows:

SF QIAC QZAC

o Eqn 3-27
" Qe

In order to rearrange equation 3.27 as function of variables of system 2, the
following equations are recalled:

Oruc =M 0, (T, —Tee )+ Mg o (T = Te) Eqgn 3-11
M, =M,,, =M, X, Eqns 3-7, 3-8
M,ATy o = (MlRec _MZRec)(TOZ _Ts) Eqn 3-20

Rearranging Eqn 3-20:
_ M,ATy ,

= + Eqgn 3-28
1Rec (TOZ _TS) 2Rec q

Combining Egns 3-7, 3-8, 3-11, and 3-28:

Oric =M, X, (T, —T5)+ (% M,(1- X)j( -Ty) Eqgn 3-29
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Rearranging
QIAC :MZXZ(TOA _Ts)+M2ATR—0 +M2(1_X2)(Toz _Ts) Eqn 3-30

Substituting in equation 3-27:

SF, = 2~ 2 RO Eqgn 3-31
Tot )47 T T 7‘ ( ‘ T X; T T
M2 2( 04 S) 2 R-0O Mz(l 2)( oz S)

M, cancels out

X,AT, ,

Eqn 3-32
XZ(TOA _TS)+ATR—O +(1_X2)(Toz _TS)

SF Tot =

Figure 3-3 plots the saving fractions for a range of conditions of temperature
stratification and outdoor air fraction (X). Results shown in Figure 3-3 were
obtained assuming: Ts=18°C (typical supply air temperature for UFAD), Toz=24°C
(arbitrary assumption, typical upper indoor air temperature setpoint), Toa=28°C
(typical outdoor air temperature on a warm summer day in Calgary, when cooling

of the outdoor air is required).
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Figure 3-3 — Saving Fraction (%) Scenario 1 (assuming: Ts=18°C, Toz=24°C, Toa=28°C)

3.5.2 Scenario 2: constant fraction of outdoor air

Qutdoor air equations:

X=X =X, Eqgn 3-33
M, =M X Eqn 3-34
M,, =M, X Eqn 3-35

Recirculated air equations:
M. =M,(1-X) Eqgn 3-36

M, . =M,(1-X) Eqn 3-37
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Energy balance across the cooling coil (7..=7,, T,=T1,,, and

T2R :Toz +ATR—O ):
QIAC :MIX(TOA _TS)+M1(1_X)(TOZ _TS)

QzAc :MZX(TOA _TS)+M2(1_X)(TOZ +ATR—O _Ts)

Energy balance across the room:
Oroonw =M (T, —T)

QROOM :Mz(Toz +AT; o _TS)

Since O, Is the same in both cases
MI(TOZ _TS):MZ(TOZ +ATy o _Ts)
(Ml _Mz)(Toz _TS) =M,AT; ,

M,AT, _,

(Ml _Mz) B (Toz _Ts)

Energy savings due to stratification:
Savings = Oy 40 = Qruc

Introducing equations 3.39 and 3.40
Orac =Qruc =M X(To, = Ts)+ M, (1= X)(To, = T5)

_MZX(TOA _Ts)"‘Mz(l_X)(Toz +ATR—O _Ts)

Eqn 3-38
Eqn 3-39

Eqn 3-40
Eqn 3-41

Eqgn 3-42
Eqgn 3-43

Eqgn 3-44

Eqgn 3-21

Eqn 3-45

QIAC _QZAC = (Ml _MZ)X(TOA _Ts)+(M1 _Mz)(l_X)(Toz _TS)_MZ(I_X)ATR—O

Introducing equation 3-44

Eqn 3-46
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_ M AT, o X Ty, —T)
Orac = Qaruc = (T,, —Ty)

Eqgn 3-47

Recall the definition of “total energy savings fraction” (Fisk et al., 2004:20)

SFTot :M Eqn 3-27
QIAC

In order to rearrange equation 3-27 as function of variables of system 2, the
following equations are recalled:
QIAC:MIX(TOA_TS)+M1(1_X)(TOZ_TS) Eqn 3-38

MI(TOZ_TS):MZ(TOZ+ATR—O_TS) Eqn 3-42

Rearranging equation 3-43, and substituting in equation 3-39

Eqgn 3-48

M = MZ(T"Z ~ T, +ATROJ

Toz _Ts

T, —T¢+AT, ,
TOZ _TS

T, -T¢+AT, ,
TOZ _Ts

QlAC:Mz[ jX(TOA_TS)"'Mz[ j(l_X)(TOZ_TS)

Eqgn 3-49
Combining equations 3-28, 3-47 and 3-50
MZATR—OX(TOA _Ts)

SFTot =
1,,—Ts+AT; ,

oz S

(Toz _TS)MZ( ]X(TOA _Ts)+(Toz _TS)MZ(TOZ _TS +ATR—O)(1_X)

Eqn 3-50
Rearranging
ATR—OX(TOA _Ts)

SF,, = Eqn 3-51
(Toz _TS +ATR—0)(X(TOA _TS)+(1_X)(TOZ _Ts))

Figure 3-4 plots the saving fractions for a range of conditions of temperature
stratification and outdoor air fraction (X). Results shown in Figure 3-4 were
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obtained assuming: Ts=18°C (typical supply air temperature for UFAD), Toz=24°C
(arbitrary assumption, typical upper indoor air temperature setpoint), Toa=28°C

(typical outdoor air temperature on a warm summer day in Calgary, when cooling
of the outdoor air is required

35% - X=1
X=0.9
30% 1 X=0.8
X=0.7
25% +
9 X=0.6
620% | X=0.5
©
S X=0.4
(@)}
E£15% -
3 X=0.3
n
10% - X=0.2
5% X=0.1
0% Bl 2 T T T T T T 1
0 0.5 1 1.5 2 25 3 3.5
Temperature stratification (Tr-Toz) (°C)

Figure 3-4 — Saving Fraction (%) Scenario 2 (assuming: Ts=18°C, Toz=24°C, Toa=28°C)
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Figure 3-3 and Figure 3-4 show increasing energy saving fractions® as
temperature stratification (Tr-Toz) and fraction of outdoor air (x) increase.
Equations 3.32 and 3.53 may be used to determine instantaneous energy saving
fractions for a given set of conditions of temperature stratification, outdoor air
temperature, supply air temperature, and outdoor air fraction.

% “energy saved (i.e. not used) because of temperature stratification over energy use with no

stratification”
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4 Results

Sections 4.1 and 4.2 address results for temperature stratification and
ventilation efficiency respectively. Results are organized in categories to evaluate
the influence of a variety of space conditions on the performance of the tested
UFAD. Sections 4.1.11 and 4.2.11 summarize the results for each category.
Medians and means were calculated to provide the characteristic values of the
data sets, while median absolute deviations (MAD)* and standard error of the
mean (SEM)? were used as measures of scatter.

Table 4-1 summarizes test information. The reported values in this thesis
correspond to steady state conditions® (i.e., the transition periods from one state
to the another were excluded). “Duration” corresponds to the duration of steady
state “plateaus” used in the numerical analysis. Space conditions were beyond the
researcher’s control. There are no ventilation effectiveness results shown for tests

# 20, 22, 23, and 30 because there were no occupants present during those tests.

# MAD = Median, (‘Xl. — Median ; (X )‘) the MAD is the median of the absolute values of the

residuals (deviations) from the median.

s
% SEM =——, where s is the sample standard deviation (i.e. the sample based estimate of the

n

standard deviation of the population), and 7 is the size of the sample. SEM is an unbiased estimate
of the expected error in the sample estimate of a population mean.
% See Section 3.4 for details
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Ventilation results for Test # 17 were excluded because CO, concentrations failed

to reach a steady state.



Table 4-1 — Test conditions

Test# Room/WKSTN Room type Duration Diff-occ Diff-furn # Occupants
1 2105 Meeting 1:00 OK OK 4
2 2105 Meeting 1:00 OK OK 12
3 2105 Meeting 1:00 OK OK
4 2105 Meeting 1:45 OK OK
5 2105 Meeting 1:30 OK OK 14
6 2112C Break 0:45 OK OK 3
7 2112C Break 1:00 OK OK 4
8 2112C Break 0:45 OK OK 3
9 2147-2151 Open 2:00 OK OK 3
10 2147-2151 Open 2:30 OK OK 3
11 2014 Individual 1:30 OK BD 1
12 2014 Individual 0:45 OK BD 1
13 2143-2146 Open 2:15 TF BFC 2
14 2143-2146 Open 1:30 TF BFC 2
15 2190 Open 0:45 TC OK 3
16 2190 Open 0:45 TC OK 1
17 2194 Open 1:00 TC BD 1
18 2137-2140 Open 4:00 TF BFC 3
19 21115 Open 1:15 TC BC 2
20 21115 Open 2:00 TC BC 0
21 2112C Break 2:30 OK OK 1
22 2112C Break 1:30 OK OK 0
23 2018 Individual 1:30 OK OK 0
24 2018 Individual 1:15 OK OK 1
25 2018 Individual 0:45 OK OK 1
26 2018 Individual 6:30 OK OK 1
27 2105 Meeting 1:00 OK OK 4
28 2105 Meeting 1:15 OK OK 8
29 2105 Meeting 1:15 OK OK 2
30 2105 Meeting 7:00 OK OK 0




Table 4-1 cont.

People Lights Envelope Solar heat Plug Radiant Total load
Test # (W) (W) (W) gain (W) loads (W) cooling (W) (W)
1 280 378 0 0 46 0 704
2 840 378 0 0 46 0 1264
3 420 378 0 0 46 0 844
4 560 378 0 0 46 0 984
5 980 378 0 0 46 0 1404
6 210 112 -100 145 40 0 407
7 280 112 -70 155 40 0 517
8 210 112 -70 145 40 0 437
9 210 220 -280 136 421 0 707
10 210 220 -220 121 421 0 752
11 70 112 -225 107 167 0 231
12 70 112 -130 89 167 0 308
13 140 260 0 0 294 0 694
14 140 260 0 0 294 0 694
15 210 180 -85 171 287 0 763
16 70 180 -85 174 287 0 626
17 70 180 -85 132 207 0 504
18 210 340 0 0 334 0 884
19 140 160 -170 244 207 0 581
20 0 160 -140 244 207 0 471
21 70 112 8 181 80 -350 101
22 112 -10 181 80 -350 13
23 112 11 32 40 0 195
24 70 112 11 29 167 0 389
25 70 112 11 25 167 0 385
26 70 112 13 25 167 0 387
27 280 378 0 0 46 0 704
28 560 378 0 0 46 0 984
29 140 378 0 0 46 0 564
30 0 378 0 0 46 0 424




Table 4-1 cont.

Airflow  Air per area Floor Total load Load/air Air flow/occ
Test# (L/s) (L/s per m2) area (m2) (W/mz) (W/(L/s)) ((L/s)/o)
1 60 1.40 42.8 16.4 11.7 15.0
2 60 1.40 42.8 29.5 21.1 5.0
3 60 1.40 42.8 19.7 141 10.0
4 60 1.40 42.8 23.0 16.4 7.5
5 60 1.40 42.8 32.8 234 43
6 22 2.04 10.8 37.7 18.5 7.3
7 22 2.04 10.8 47.8 23.5 5.5
8 22 2.04 10.8 40.4 19.9 7.3
9 62 1.97 31.5 22.5 11.4 20.7
10 62 1.97 31.5 23.9 121 20.7
11 24 1.80 13.3 17.4 9.6 24.0
12 24 1.80 13.3 23.1 12.8 24.0
13 73 2.39 30.5 22.8 9.5 36.5
14 73 2.39 30.5 22.8 9.5 36.5
15 156 5.78 27 28.3 4.9 52.0
16 130 4.81 27 23.2 4.8 130.0
17 156 5.78 27 18.7 3.2 156.0
18 80 1.99 40.3 21.9 11.1 26.7
19 150 6.61 22.7 25.6 3.9 75.0
20 140 6.17 22.7 20.8 3.4 n/a
21 22 2.04 10.8 9.4 4.6 22.0
22 22 2.04 10.8 1.2 0.6 n/a
23 24 2.00 12 16.3 8.1 n/a
24 24 2.00 12 324 16.2 24.0
25 24 2.00 12 32.1 16.0 24.0
26 31 2.58 12 32.2 12.5 31.0
27 60 1.40 42.8 16.4 11.7 15.0
28 60 1.40 42.8 23.0 16.4 7.5
29 60 1.40 42.8 13.2 9.4 30.0
30 60 1.40 42.8 9.9 7.1 n/a
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Table 4-1 cont.

Test# | CO, breathing level (ppm) CO, return (ppm)  CO; supply (ppm) PRE
1 894 1001 642 1.42
2 1176 1251 697 1.16
3 953 1052 769 1.53
4 1002 1103 631 1.27
5 1158 1312 647 1.30
6 828 903 504 1.23
7 889 931 490 1.11
8 786 781 480 0.98
9 724 741 538 1.09
10 684 708 539 1.17
11 650 647 493 0.98
12 664 671 466 1.04
13 579 625 497 1.55
14 565 590 479 1.29
15 661 664 483 1.02
16 617 621 488 1.03
17 n/a n/a n/a n/a
18 543 589 462 1.56
19 558 595 489 1.54

20 n/a n/a n/a n/a
21 695 703 467 1.04
22 n/a n/a n/a n/a
23 n/a n/a n/a n/a
24 664 697 553 1.30
25 679 691 575 1.11
26 627 668 561 1.62
27 618 667 435 1.27
28 900 891 554 0.97
29 n/a n/a n/a n/a
30 n/a n/a n/a n/a
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Table 4-1 cont.

Temp Supply Temp0.1m Temp0.6m Temp1.1m Temp1.7m Temp29m

Test # (°C) (°C) (°C) (°C) (°C) (°C)
1 19.6 211 222 231 234 242
2 19.6 214 23.1 240 243 250
3 19.8 215 229 23.8 241 248
4 20.0 214 225 235 237 244
5 19.8 21.8 234 24.4 247 254
6 19.7 21.3 21.9 22.7 229 23.0
7 19.7 21.5 223 23.3 235 23.7
8 19.7 21.6 224 234 23.6 23.7
9 19.8 216 222 231 234 242
10 19.9 21.8 225 235 238 245
11 19.7 217 21.9 224 224 224
12 19.7 21.9 220 22.7 227 226
13 19.7 223 22.6 234 23.6 24.9
14 19.7 225 22.8 23.8 23.9 25.0
15 18.5 21.0 21.6 23.7 24.0 24.6
16 18.2 20.9 214 23.8 241 248
17 19.4 21.2 221 243 249 252
18 19.9 234 238 251 252 256
19 18.7 20.8 215 231 247 253
20 17.7 20.7 21.7 22.7 23.9 245
21 19.0 21.7 22.2 235 235 23.1
22 18.9 21.9 224 23.9 23.9 234
23 16.7 18.8 19.2 21.0 21.2 21.5
24 18.1 19.9 20.5 21.8 21.8 222
25 18.0 204 20.9 22.6 228 233
26 17.4 20.2 20.8 225 225 23.1
27 18.1 20.9 215 224 228 235
28 18.6 21.6 22.2 23.2 23.6 24.2
29 18.7 21.5 22.0 23.0 23.3 241
30 18.5 20.8 20.9 21.7 22.0 22.7
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Table 4-1 cont.

Test# DT room (°C) DT stand (°C) DT seat (°C) DT upper (°C)
1 3.0 2.2 2.0 1.7
2 3.6 29 2.6 1.8
3 3.3 2.6 23 1.8
4 3.1 24 2.1 1.6
5 3.7 29 2.6 1.9
6 1.8 1.7 1.4 0.8
7 2.2 2.0 1.8 1.1
8 2.0 1.9 1.8 0.9
9 2.5 1.7 1.5 1.6
10 2.7 2.0 1.7 1.6
11 0.7 0.8 0.7 0.3
12 0.7 0.8 0.8 0.3
13 2.6 1.3 1.0 1.9
14 2.5 1.4 1.3 1.8
15 3.6 3.0 2.7 2.0
16 3.9 3.2 2.8 2.2
17 4.0 3.7 3.1 2.0
18 2.1 1.8 1.6 1.2
19 4.5 4.0 23 2.8
20 3.8 3.3 2.0 2.2
21 1.4 1.8 1.8 0.3
22 1.4 2.0 2.0 0.3
23 2.7 2.4 2.2 1.4
24 2.3 2.0 2.0 1.2
25 2.9 24 23 1.6
26 2.9 23 23 1.6
27 2.6 1.9 1.5 1.6
28 2.6 2.0 1.6 1.5
29 2.7 1.9 1.5 1.7
30 1.9 1.2 1.0 1.3
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4.1 Temperature stratification results

Vertical temperature profiles were determined for 10 spaces at several times
for a total of 30 temperature stratification determinations. Some of the results are
reported as temperature differentials, which are defined as shown in Table 4-2.

For the reasons given in the methods section (see 3.1.1), test conditions were
beyond the researcher’s control. With the exception of the meeting room, more
than one variable changed from test to test, making comparisons with a single
variable change impossible. Thus, while the performance of the UFAD system in
the meeting room could be analyzed as a function of one single variable (heat
generation rate in the room, see 4.1.1), the other results shown in this section
correspond to an exploratory study, in which variables other than the plotted in the
figures changed (see 3.1.1).

Given that Fisk et al. (2006), the only previous field study of underfloor air
distribution system performance evaluated only 6 different workstations and two
space types (private office and open office), a range of space types (private office,
open office, meeting room, breakout room) were evaluated in this study. Given
that the offices also differed because some had incorrect diffuser locations, the
results from only one space, meeting room 2105, allowed assessment of a single
variable change (number of occupants and related heat generation). Section 4.1.1
addresses the results in the meeting room, in which the only variable was the
number of occupants.

Temperature differentials in the occupied zone (for seated and standing
occupants) correspond to thermal comfort indices, while temperature differentials
in the room (floor to ceiling) and the upper zone (R-O) were determined to evaluate

the potential for energy savings through temperature stratification.

Table 4-2 - Temperature differential definitions

Term ‘ Name ‘ Formula
Seated occupant Seat T(1.1 m)-T(0.1 m)
Standing occupant Stand T(1.7 m)—-T(0.1 m)
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Room
R-O

Room (floor to ceiling) T(2.9m)-T(0.1 m)

Upper zone (Return — Occupied zone) T(2.9 m) - (Toz)¥

Table 4-3 summarizes the results of temperature differentials, providing their
corresponding measures of scatter. Results found by Fisk et al. (2006: 296) are

included in Table 4-3 for comparison.

Table 4-3 — Temperature differentials. Results summary

Temp differential Median | Mean | Min Max MAD SEM | Fisk et
al.28

Seated occupant 1.9 1.9 0.7 3.1 0.4 0.1 0.4

Standing occupant 2.0 2.2 0.8 4.0 0.4 0.1 0.6

Room (floor to ceiling) | 2.6 2.7 0.7 4.5 0.6 0.2 1.0

Upper zone (R-O) 1.6 1.5 0.3 2.8 0.3 0.1 0.7

Temperature differentials found in the present project were substantially
higher than those found by Fisk et al. in 2006. This result suggests that the CDC
had higher heat generation rates and/or lower supply air flow rates than the
building studied by Fisk et al. They state in their report (2006: 298) that “the
combination of low internal thermal loads and moderate supply air flow rates in the

z Temperature in the occupied zone (Toz) was calculated as the average (mean) of the measured
temperatures between 0.1 m and 1.7 m to be consistent with Fisk et al. (2004: 7)
% Values of Fisk et al. shown in Table 4.2 are the mean of their results from tests during periods of

space cooling
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study building were such that one could not expect a large amount of vertical
thermal stratification”. Fisk (2007) stated that the number of staff working in the
building at a given time was much below capacity. This was also observed in some
spaces at the CDC, where typically only about 50% of the workstations were
occupied. However results suggest the VAV system at the CDC was capable of
handling the variations in occupant density.
Results of temperature stratification were organized to evaluate the influence
of the following space characteristics:
- heat generation per unit area (W/mz)
- heat generation per unit air flow (W per L/s)
- use of radiant cooling
- diffuser location relative to furniture®
- diffuser location relative to occupants
Some data sets are grouped based on unquantifiable criteria such as “diffuser
location relative to furniture”. The following definitions are necessary to understand
the results presented hereafter.
Diffuser location relative to furniture:
- BD: The closest diffuser is located beneath a desk (knee space)
- BFC: The closest diffuser is located beneath a filing cabinet or the

drawer space of a desk™°

# See Section 1.4 for details
%0 Filing cabinets and desk drawers obstruct air flow in the same way, so were merged in the same

category
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- BC: The closest diffuser is located beneath the occupant’s chair (in
normal seated position)

- OK: The closest diffuser is free of obstruction by furniture

Diffuser location relative to occupants:

- TC: “Too close”. The closest diffuser which air flow is not completely
obstructed®' is located less than 2 feet (0.61 m) away from the
occupant (edge to edge). This is the minimum distance recommended
by the diffuser manufacturer

- TF: “Too far’. The closest diffuser which air flow is not completely
obstructed is located at a distance from the occupant such that s/he
cannot adjust the thermal conditions in the space to meet her/his
preferences because it is beyond the range of the diffuser airflow

- OK: The closest diffuser for which air flow is free of obstruction is
located at a distance that is neither TC nor TF

Radiant cooling:

- RDY: Space with cooling being provided by radiant panels

- RDN: Space with radiant cooling panels installed, but off during the test
Some data were excluded from the following results to improve clarity. Data

exclusions are specified in every section.

%" Diffusers beneath filling cabinets do not supply any air to the space. Since they do not affect the

thermal conditions of the occupant, they are excluded in these definitions
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The following sections (4.1.2 to 4.1.10) show the influence of a variety of
space characteristics on temperature stratification. Table 4-4 in section 4.1.11

summarizes the results by category.

4.1.1 Temperature stratification in the meeting room

The meeting room was in the core of the building (free of heat transfer
through walls and windows and solar heat gains), the plug loads and lighting
power densities were the same for all the tests, and the supply air flow rate was
constant due to a malfunction of the VAV box serving the space®. Therefore, the
only variable in the tests performed in the meeting room was the heat generated
by occupants.

Figure 4-1 shows the temperature gradients corresponding to the tests in the
meeting room (2105). Results are plotted according to increasing heat generation.

The number of occupants is indicated in the figure for convenience.

%2 The VAV box did not respond to the thermostat readings, maintaining the air flow rate constant
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Figure 4-1 - Temperature differentials in the meeting room. Room is T(2.9m)-T(0.1m),
Stand is T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average temperature in the
occupied zone

Results in Figure 4-1 show increasing temperature differentials in the space
with increasing number of occupants and heat generation rates. Figure 4-2 plots
temperature differentials in the meeting room as a function of the rate of heat

generated by occupants (expressed in W/m?).
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Figure 4-2 - Temperature differentials in the meeting room vs. heat generation per unit
floor area. “Room” is T(2.9m)-T(0.1m), “Stand” is T(1.7m)-T(0.1m), “Seat” is T(1.1m)-T(0.1m),

“R-0” is T(2.9m)-Average temperature in the occupied zone

Results show that temperature differentials in the occupied zone (seated and
standing occupants) increase with increasing heat generation rates in the meeting
room with a slope of 0.06 °C per W/m? (i.e., temperature differentials in the
occupied zone increased by 0.06 °C for a 1 W/m? increase in heat generation). On
the other hand, temperature differentials in the upper zone increased only by
0.02°C per 1 W/m? of heat generation increase, which suggests that temperature
differentials in the upper zone were less affected by variations in heat generation
rates.

Sections 4.1.2 and 4.1.3 below explore the relationship between temperature

differentials and heat generation including data from the rest of the spaces.

4.1.2 Temperature gradient versus heat generation per unit floor area

Figure 4-3 and Figure 4-4 show, respectively, temperature profiles and
temperature gradients for a range of heat generation rates. The data shown in both
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figures only include tests with “OK” diffuser location relative to both furniture and
occupants, and excluded “RDY” radiant panels.
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Figure 4-3 - Temperature profile for heat generation per unit floor area. Solid line: 0-25

W/m?, dotted line: 25-50 W/m?
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Figure 4-4 - Temperature differentials vs. heat generation per unit floor area. “Room” is
T(2.9m)-T(0.1m), “Stand” is T(1.7m)-T(0.1m), “Seat” is T(1.1m)-T(0.1m), “R-O” is T(2.9m)-

Average temperature in the occupied zone

Trend lines shown in Figure 4-4 suggest an increase in temperature gradients
in the occupied zone with increasing heat generation per unit of area. However,
the gentle slope and the low correlation coefficients suggest this relationship is
weak. On the other hand, temperature gradients in the room and the upper zone
(R-O) tend to decline with increasing heat generation per unit floor area.
Temperature gradients in Figure 4-4 show a sudden drop for heat generation rates
above 35 W/m?, which has a substantial effect on the trendlines. The three data
sets for loads above 35 W/m? correspond to the same space (break out room
2112C, see Appendices A and D for details). The differences in conditions
between this space and the others suggest different processes occurred. These
require further investigation. The error is likely due to inaccuracies in estimates of
solar heat gains through walls and windows, which is the most uncertain
parameter used in this analysis. Room 2112C had south facing orientation.
Although there was no direct sunlight entering the space during the tests®, solar
heat gains through the walls were likely above the estimated values. Figure 4-5

excludes data for this space from the analysis.

% Windows were shaded by the solar PV array
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Figure 4-5 - Temperature differentials vs. heat generation per unit floor area (break out
room excluded). “Room” is T(2.9m)-T(0.1m), “Stand” is T(1.7m)-T(0.1m), “Seat” is T(1.1m)-

T(0.1m), “R-O” is T(2.9m)-Average temperature in the occupied zone

Although they are too low to develop strong conclusions, correlation factors in
Figure 4-5 are substantially higher than those in Figure 4-4. As heat generation per
unit floor area increases, trend lines in Figure 4-5 show increasing temperature
gradients in the occupied zone and from floor to ceiling. On the other hand,
temperature gradient in the upper zone (R-O) remains flat. This result is consistent
with Section 4.1.1, and suggests that the temperature increase in the upper zone
is driven by the use of ambient lights (the only heat generation in the upper zone),
which was similar in all the tests (mean = 8.6 W/m?, SEM = 0.2).

Heat generation per unit floor area reported by Fisk et al. (2006: 292) ranged
from 16 to 20 W/m?. Note that, for the same heat generation rates, the temperature
gradients found in the CDC were much greater than those reported by Fisk et al.
(see Table 4-3 and Figure 4-5). Fisk et al. (2006: 298) characterized their test

conditions as “low internal load and moderate supply airflow rates”. Note, however,
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that the heat generation rates per unit floor area in the Fisk et al. report are

comparable to those in the present study (see Section 2.3.4 for details).

4.1.3 Heat generation per unit of air flow

Figure 4-6 and Figure 4-7 show, respectively, temperature profiles and
temperature gradients for a range of heat generation per unit of airflow®. The data
set shown in both figures only included tests with OK diffuser location relative to
both furniture and occupants, and excluded RDY radiant panels.

* Note that the uncertainties associated with air flow measurements affected the calculation of

“cooling load per unit of air flow”. See section 3.3.1 and Appendix C for details
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Figure 4-6 - Temperature profile. heat generation per unit of air flow. Solid line: 0-15 W

per L/s, dotted line: 15-25 W per L/s
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Figure 4-7 - Temperature stratification vs. heat generation per unit of air flow. Room is
T(2.9m)-T(0.1m), Stand is T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average

temperature in the occupied zone

Similarly to trend lines in Figure 4-4 in the previous section, those in Figure
4-7 are substantially affected by data for the break out room 2112C. Figure 4-8
excludes this space from the analysis.
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Figure 4-8 - Temperature stratification vs. heat generation per unit of air flow (break out
room excluded). Room is T(2.9m)-T(0.1m), Stand is T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m),
R-O is T(2.9m)-Average temperature in the occupied zone

Similarly to findings in the previous section, as heat generation per unit floor
area increases, trend lines in Figure 4-8 show increasing temperature gradients in
the occupied zone (Seat, Stand) and from floor to ceiling (Room). These three
temperature gradients increase at the same rate with heat generation per unit air
flow (about 0.07 °C increase per W per L/s). Temperature gradient in the upper
zone (R-O) also increases with increasing heat generation, however, it shows a

very gentle slope, suggesting that the temperature increase in the upper zone is
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mainly driven by the use of ambient lights (the only heat source in the upper zone),
which was about constant in all the tests. These results are consistent with the
previous section.

The correlation coefficients shown in Figure 4-8 have a weak relationship.
However, they are higher than the ones shown in the previous section, suggesting
that heat generation per unit of airflow may be a better indicator of the space
conditions than heat generation per unit of floor area.

Fisk et al. (2006: 292) reported that heat generation rates in their field study
ranged from 16 to 20 W/m?, while supply flow rates ranged from 2.1 to 4.0 L/s per
mZ. The values of “heat generation per unit air flow” calculated as the quotients of
the values above could range from 4.0 to 9.5 W per L/s. These values of heat
generation per unit of air flow are at the far low end of Figure 4-8, well below the
average heat generation rates found in the CDC. This is consistent with the
comment by Fisk et al. (2006: 298), according to which the combination of low heat
generation and moderate supply air flow rates may have precluded larger
stratification in the building they studied. Note, however, that the conditions in the
Fisk et al. study could be considered “normal” (see 2.3.4), since (1) heat
generation rates per unit of floor area found by Fisk et al. were comparable to
those in the present study (see previous section for details), and (2) supply air flow
rates were close to the recommended values in the UFAD design guide (Bauman
et al. 2003: 37), which suggest 3 L/s per m? as a “reasonable target” to balance
vertical temperature difference for comfort and stratification for energy
performance. The supply air flow rates at the CDC were about 1.4 — 2.0 L/s per m?
in most of the tests (see Table 4-1), which is well below the recommended value
by Bauman, and comfort conditions were met.

Note that the difference of test conditions in the two studies was clear in terms
of heat generation per unit of air flow, but not in terms of heat generation per unit

of floor area.
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4.1.4 Use of radiant cooling

Figure 4-9 shows temperature profiles from 5 tests performed in the break out
space, which had ceiling-mounted radiant cooling panels. Profiles shown in solid
lines correspond to tests performed when the cooling panels were on, while

profiles shown in dotted lines correspond to tests with the radiant panels off.
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Figure 4-9 - Temperature profile. Ceiling radiant cooling. Solid line is with radiant

cooling, dotted line is without radiant cooling

Temperature profiles shown in Figure 4-9 show a strong influence of radiant
cooling on temperature stratification. Results show a negative temperature
gradient (i.e. air temperature decreases with height) in the upper zone of the space
when the radiant panels were on. These results suggest that the convective
fraction of the cooling provided by the radiant panels was sufficient to substantially
reduce the temperature of the surrounding air. The stratified temperature profile

desired with UFAD was not achieved when the radiant cooling panels were on.
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Novoselac et al. (2002: 499) addressed the performance of combined chilled

ceiling and displacement ventilation (DV). They found that

in cases where the cooling load removed by cooling ceiling (CC) is considerably
larger than that removed by DV, downward airflow motion from the CC panels is strong.
Therefore, a stratified displacement airflow pattern is destroyed and the airflow
becomes mixing, causing relatively uniform temperature and contaminant distribution.

Figure 4-9 shows that the stratified pattern is destroyed. However, the
temperature distribution in the room is not uniform, which differs from Novoselac et
al.’s findings. This suggests DV and UFAD perform differently when they are
combined with CC. Performance of combined UFAD and CC merits further
investigation.

The estimates of cooling loads for this space were lower for the cases when
the radiant panels are on, which is inconsistent with the system’s operation. As
mentioned in Section 4.1.2, load estimation was less certain for this space due to
perimeter wall and window effects. This precluded further investigation of vertical
temperature profiles as a function of cooling loads in spaces where UFAD is
combined with CC.

4.1.5 Diffuser location relative to furniture

Figure 4-10 shows temperature profiles for a variety of problematic diffuser
locations. Figure 4-11 shows the cumulative frequency distribution of temperature
gradients for OK diffuser locations relative to furniture (tests 1, 2, 3,4, 5,6, 7, 8, 9,
10, 15, 16, 23, 24, 25, 26, 27, 28, 29, 30), and Figure 4-12 shows temperature
gradients for problematic diffuser locations (i.e., diffusers obstructed by furniture).
The three figures exclude data affected by radiant cooling (RDY). Problematic
diffuser locations were only found in open and individual offices. Tests in the
meeting room and the break out space had OK diffuser locations relative to

furniture.
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Figure 4-10 - Temperature profile. Diffuser location relative to furniture. Solid line is

beneath desk, discontinuous line is beneath chair, dotted line is beneath filing cabinet. OK

locations not shown for clarity
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Figure 4-11 — Cumulative frequency distribution of temperature differentials. OK
Diffuser location relative to furniture. Room is T(2.9m)-T(0.1m), Stand is T(1.7m)-T(0.1m),
Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average temperature in the occupied zone. The
cumulative frequency is the frequency with which the value of a variable “Temperature

differential” is less than a reference value shown in the X axis
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Figure 4-12 - Temperature differentials. Problem diffuser locations relative to furniture.
Room is T(2.9m)-T(0.1m), Stand is T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-
Average temperature in the occupied zone. BFC is diffuser beneath filing cabinet, BD is
beneath desk, BC is beneath chair. Average results for tests with diffusers at an OK location

relative to furniture are shown for comparison

Figure 4-11 shows the variation in temperature stratification even with an “OK”
supply diffuser location relative to furniture. However, the largest and the smallest
stratification values correspond to tests in which the diffuser was obstructed
(Figure 4-12).

Figure 4-11 shows that, where diffusers were located in an OK location
relative to furniture, the temperature differentials in the occupied zone were

“‘evenly” distributed across the range of results (i.e., the curve of cumulative
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frequency is relatively similar to a straight line). On the other hand, 50% of the
temperature differentials in the upper zone fell between 1.5 °C and 1.8 °C (see
cumulative frequency from 0.35 to 0.85). This result suggests that temperature
differentials in the upper zone are more constant than these in the occupied zone,
which is consistent with Section 4.1.3.

Diffusers located beneath occupant chairs generate the largest temperature
gradient (see Figure 4-11) and the lowest temperatures at ankle level (see Figure
4-10, 0.1 m). Diffusers covered by filing cabinets result in spaces with low
temperature differentials (especially in the occupied zone), and high temperatures
at low levels. Temperature gradients for test locations with diffusers beneath desks
have completely different shapes because of variations in distance between

diffuser and occupant. This effect is considered below.

4.1.6 Diffuser location relative to occupants

Figure 4-13 shows temperature profiles for a variety of distances between
diffuser and occupants. Figure 4-14 shows the cumulative frequency distribution of
temperature gradients for OK distances from occupants (tests 1, 2, 3, 4, 5, 6, 7, 8,
9, 10, 11, 12, 23, 24, 25, 26, 27, 28, 29, 30), and Figure 4-15 shows temperature
differentials for tests with diffusers located “too close” or “too far’ from the
occupant. The three figures exclude data affected by radiant cooling (RDY).
Problematic diffuser locations were only found in open and individual offices. Tests
in the meeting room and the break out space had OK diffuser locations relative to

occupants.
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Figure 4-13 - Temperature profile. Diffuser distance from occupant. Solid line is “too

close”, dotted line is “too far”. OK locations omitted for clarity
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Figure 4-14 - Cumulative frequency distribution of temperature differentials. OK
diffuser distance from occupants. Room is T(2.9m)-T(0.1m), Stand is T(1.7m)-T(0.1m), Seat is
T(1.1m)-T(0.1m), R-O is T(2.9m)-Average temperature in the occupied zone. The cumulative
frequency is the frequency with which the value of a variable “Temperature differential” is

less than a reference value shown in the X axis
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Figure 4-15 - Temperature differentials. Diffuser distance from occupants. Room is
T(2.9m)-T(0.1m), Stand is T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average
temperature in the occupied zone. TC is “too close”, TF is “too far”. Average results for

tests with diffusers at an OK distance from the occupant are shown for comparison

Diffusers located “too close” to occupants lead to the highest temperature
stratification values observed in Figure 4-15 and the lowest temperatures at low
levels observed in Figure 4-13. On the other hand, temperature stratification
values (especially in the occupied zone) in spaces where the diffusers are “too far’
from the occupant are at the low end of the results shown in Figure 4-15.

The cumulative frequency distributions in Figure 4-14 (corresponding to tests

where diffusers were located in an OK location relative to occupants) show “long
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tails” in the region of “low frequency - low temperature differentials”. These tails are
likely a consequence of the effect of diffuser location relative to furniture studied
above. Similar to results in the previous section, 50% of the temperature
differentials in the upper zone fell between 1.5 °C and 1.8 °C (see cumulative
frequency from 0.45 to 0.95). This result suggests that temperature differentials in
the upper zone are more constant than these in the occupied zone, which is

consistent with Section 4.1.3.

4.1.7 Combined effect: Diffuser location relative to furniture and occupants

Seeking a clearer relationship between temperature gradients and space
characteristics, combinations of diffuser location relative to both furniture and
occupants were plotted. Figure 4-16 shows the cumulative frequency distribution of
temperature differentials in the tests with OK diffuser location relative to both
furniture and occupants (tests 1, 2, 3, 4, 5,6, 7, 8, 9, 10, 23, 24, 25, 26, 27, 28, 29,
30). Figure 4-17 shows temperature differentials for tests with problematic diffuser
locations. Both figures exclude data affected by radiant cooling (RDY). Problematic
diffuser locations were only found in open and individual offices. Tests in the
meeting room and the break out space had OK diffuser locations relative to both

furniture and occupants.
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Figure 4-16 - Cumulative frequency distribution of temperature differentials. OK
diffuser location relative to both furniture and occupants. Room is T(2.9m)-T(0.1m), Stand is
T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average temperature in the

occupied zone. The cumulative frequency is the frequency with which the value of a variable

“Temperature differential” is less than a reference value shown in the X axis
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Figure 4-17 - Temperature differentials. Combined effect: diffuser location relative to
furniture and occupants (problematic combinations). Room is T(2.9m)-T(0.1m), Stand is
T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average temperature in the
occupied zone. TC-OK is “too close” and not covered, TF-BFC is “too far” and beneath filing
cabinet, TC-BD is “too close” and beneath desk, OK-BD is diffuser at an OK distance and
beneath desk, TC-BC is “too close” and beneath chair. Average results for tests with
diffusers at an OK location relative to both occupants and furniture are shown for

comparison

Figure 4-17 shows that considering diffuser location relative to both furniture
and occupants provides clearer trends than the separate assessments presented
in the previous sections. On the other hand, this data arrangement reduces sample
sizes to 1, 2, and 3 tests, further decreasing the representativeness of the results.

Although variability in temperature differentials is large for “OK” diffuser
location relative to both furniture and occupant, the largest differentials occurred
when the diffuser was located beneath the occupant’s chair (and therefore, too
close to the occupant), while the lowest stratification results correspond to the case
where the diffuser was beneath the desk and not too close to the occupant. It
should be noted that the latter results (OK-BD) correspond to tests performed in an
individual office, where there were no background heat gains from neighbouring
workstations that could affect the temperature at ceiling level.

The “tails” in the region of “low frequency - low temperature differentials”
shown in Figure 4-16 are shorter than these Figure 4-11 and (particularly) Figure
4-14, suggesting that results had lower variations when the effects of diffuser
location relative to furniture and occupants were combined. Similar to results in the
previous sections, while 55% of the temperature differentials in the upper zone fell
within the narrow range between 1.5 °C and 1.8 °C (see cumulative frequency from
0.40 to 0.95), temperature differentials in the occupied zone were more evenly
distributed across the range of results. This result suggests that temperature
differentials in the upper zone are more constant than these in the occupied zone,

which is consistent with Section 4.1.3.
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4.1.8 Room type

The following sections show the influence of space type on temperature
stratification. Results corresponding to the meeting room were addressed in
Section 4.1.1.

4.1.8.1 Individual offices

Figure 4-18 shows temperature differentials found in tests performed in
individual offices. There was one occupant in the room in all the tests shown in
figure except test number 23, for which the space (Room 2018) was unoccupied.
Both are perimeter spaces. The only diffuser in room 2014 was beneath the desk,
while diffusers in room 2018 were unobstructed. Further details on test conditions

may be found in Table 4-1.
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Figure 4-18 - Temperature differentials in individual offices. Room is T(2.9m)-T(0.1m),
Stand is T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average temperature in the

occupied zone.

Figure 4-18 show similar temperature differentials for all the tests performed

in the same room. Results suggest that the large difference in performance
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between the two spaces may be driven by the obstruction of the diffuser in room

2014. However, this hypothesis should be confirmed by further research.

4.1.8.2 Open office spaces

Figure 4-19 shows temperature differentials corresponding to tests performed
in open office spaces located in the perimeter of the building. The two tests
performed in workstations 2147-2151 had the same conditions of number of
occupants (3) and heat generation (11.4 and 12.1 W per L/s respectively). Tests
performed in space 2190 had different number of occupants (3 in test # 15, 1 in
test # 16), however, the total heat generation was similar (4.9 and 4.8 W per L/s
respectively). There was 1 occupant in only test performed in the workstation
2194. There were 2 occupants in test # 19 performed in room 21115, while the
space was unoccupied in test # 20. The heat generation in test # 19 was higher
than that in test # 20 (3.9 and 3.4 W per L/s respectively). Diffusers in space 2147-
2151 were in an OK location relative to both occupants and furniture, while they
were to close to the occupants in the other spaces (2190, 2194, and 21115).

Further details of test conditions may be found in Table 4-1.
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Figure 4-19 - Temperature differentials in perimeter open office spaces. Room is
T(2.9m)-T(0.1m), Stand is T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average

temperature in the occupied zone.

The largest temperature differentials shown in Figure 4-19 correspond to the
tests spaces with the diffusers located to close to the occupants. The similar heat
generation rates in the two tests performed in space 2147-2151 generated similar
temperature gradients. Similarly, results of the two tests performed in workstation
2190 are very close. On the other hand, the higher heat generation rate in test #
19 (with respect to test # 20) generated larger temperature differentials. This result
is consistent with section 4.1.3.

Figure 4-20 shows temperature differentials corresponding to tests performed
in open office spaces located in the core of the building (i.e., free of the influence
of exterior heat gains). The two tests carried out in space 2143-2146 had the same
conditions of number of occupants (2) and total heat generation rate (9.5 W per
L/s). There were 3 occupants in space 2137-2140 at the moment of the test, and
the heat generation was 11.1 W per L/s. Diffusers were too far from occupants and
beneath filling cabinets in the three tests shown in Figure 4-20.
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Figure 4-20 - Temperature differentials in core open office spaces. Room is T(2.9m)-

T(0.1m), Stand is T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average
temperature in the occupied zone

Although the test conditions in spaces 2143-2146 and 2137-2140 were similar

(same space type, core spaces, similar heat generation rates, and same location

of diffusers), temperature differentials show different behaviours. Space 2137-2140

presents larger temperature differentials in the occupied zone and more moderate

differentials in the upper zone than space 2143-2146. The differences shown in the

figure may be due to different conditions in the neighbouring workstations.

4.1.8.3 Break out room

Figure 4-21 shows the temperature gradients corresponding to the tests in the

break out room (2112C). Results are plotted according to increasing heat

generation rate. As indicated in the figure, the radiant cooling panels were on

during tests # 21 and 22.



101

250 4 RDY 3 occupants 4 occupants
< > < > “«—>
A
2.00 X o o
X
R A X
9 m]
g 1.50 - A Room
5 A X
& A 0O Stand
(g_D: X Seat
g ° ®R-0
g 1.00 |
g °
= °
0.50 -
. .
0.00
22 21 6 8 7
Test #

Figure 4-21 - Temperature differentials in the break out room. Room is T(2.9m)-T(0.1m),
Stand is T(1.7m)-T(0.1m), Seat is T(1.1m)-T(0.1m), R-O is T(2.9m)-Average temperature in the

occupied zone
Temperature differentials in Figure 4-21 are dominated by the use of the
radiant panels. When the panels were off, the temperature gradients in the room

increased with increasing heat generation rates, as discussed in section 4.1.3.

4.1.9 Correlation between stratification in the room and stratification in the

occupied zone

While large temperature differentials help to maximize the energy
performance of UFAD systems, vertical temperature differences in the occupied
zone must be limited to a maximum 3 °C head-foot differential in order to maintain
acceptable thermal comfort conditions (ASHRAE 2004: 8). Understanding the
relationship between stratification in the room and stratification in the occupied
zone is key to dealing with the trade-off between energy efficiency and thermal

comfort. Figure 4-22 and Figure 4-23 show, respectively, variations in temperature
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gradients in the room (floor to ceiling) and in the upper zone (R-O) as a function of
temperature differentials in occupied zone (for seated and standing adults). The
data were limited to tests with OK diffuser location relative to both furniture and

occupants. Both figures exclude data affected by radiant cooling (RDY).
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Figure 4-22 - Temperature differentials in the room (floor to ceiling) vs. differentials in
the occupied zone. DT Stand is T(1.7m)-T(0.1m), DT Seat is T(1.1m)-T(0.1m).
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Figure 4-23 — Temperature differentials in the upper zone (R-O) vs. differentials in the
occupied zone. DT Stand is T(1.7m)-T(0.1m), DT Seat is T(1.1m)-T(0.1m)

Results shown in Figure 4-22 suggest that a positive and steep relationship
exists between gradients in the room and gradients in the occupied zone (i.e.,
differentials in the room substantially increase with increasing differentials in the
occupied zone). The relationship between stratification in the upper and the
occupied zones shown in Figure 4-23 is also positive, however, the gentle slope
and the low correlation coefficients suggest that this relationship is weak. This
result is consistent with findings in Section 4.1.3, and suggests that the trade-off
between thermal comfort and potential energy savings through stratification is
moderate.

4.1.10 Temperature stratification per unit of height

Temperature stratification profiles shown in the above sections are nonlinear
(i.e., the temperature gradient varies from floor to ceiling). Figure 4-24 shows the
“slope” of the temperature profile in the ranges 0.1-0.6 m, 0.6-1.1 m, 1.1-1.7 m,
and 1.7-2.9 m.
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Figure 4-24 - Temperature difference per unit of height (°C/m). Calculated as (Ta-
Tb)/(Ha-Hb), where T is temperature (°C), H is height (m), and “a” and “b” are indexes
corresponding to measurement heights: 0.1 m, 0.6 m, 1.1 m,1.7m, 2.9 m
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The results suggest that the concentration of heat sources in the 0.6-1.1 m

range leads this range to have the highest temperature stratification per unit of
height. This result is consistent with findings of Skistad et al. (2002: 12). Figure

4-24 also shows higher temperature stratification in the upper zone (1.7-2.9 m)

than in the 1.1-1.7 m range due the heat generated by lights. Note the negative

temperature gradient in the upper zone in tests number 21 and 22. These tests

correspond to RDY radiant cooling, and have been discussed in Section 4.1.4.

4.1.11 Temperature Stratification summary results

Table 4-4 summarizes the results of temperature stratification for each

category. Medians and means were calculated to provide the characteristic values

of the data sets, while median absolute deviation (MAD) and standard error of the

mean (SEM) were used as measure of the scatter.
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The medians of temperature gradients in the occupied zone for seated and
standing occupants were 1.9 °C and 2.0 °C, respectively, below the 3 °C limit
stipulated in the ASHRAE thermal comfort standard (ASHRAE 2004). The median
of the vertical air temperature difference in the upper zone was 1.9° C, which could
reduce space conditioning energy use. Temperature gradients in the occupied
zone increased with increasing heat generation rates in the space, while
temperature gradients in the upper zone were determined by the load in that zone
rather than by the load in the occupied zone..

The above average results indicate satisfactory performance of the CDC
UFAD system in terms of both thermal comfort and energy use, however, the
detailed results in Table 4-4 show large variations in performance depending on
the space configuration. Use of ceiling-mounted radiant cooling panels precluded
temperature stratification in the upper zone, and therefore any corresponding
energy use reductions. Diffuser location relative to furniture and occupants had a
substantial effect on temperature gradients. Problematic diffuser locations (below
furniture, too close to occupants — see Section 4.1.7) produced vertical
temperature differentials of to about 4 °C (above the aforementioned comfort limit)
in the occupied zone of some spaces, while other spaces with problematic diffuser
locations had almost no temperature increase in the upper zone (offering no

opportunity to reduce conditioning energy use).
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Table 4-4 — Temperature Stratification Results. Summary

Sample

Category size Variable Median MAD Mean SEM
All spaces 30 Avg Temp Seated 22.3 0.4 22.2 0.1
All tests Avg Temp Standing 22.6 0.4 22.5 0.1
DT Seated 1.9 0.4 1.9 0.1
DT Standing 2.0 0.4 22 0.1
DT Room 2.6 0.6 2.7 0.2
DTr-o (seated) 1.9 04 1.8 0.1
DTr-o (standing) 1.6 0.3 1.5 0.1
All spaces 28 Avg Temp Seated 22.2 0.4 22.1 0.2
no radiant cooling Avg Temp Standing 22.6 0.4 22.5 0.2
DT Seated 1.9 0.4 1.9 0.1
DT Standing 2.0 0.4 22 0.1
DT Room 27 0.5 2.7 0.2
DTr-o (seated) 1.9 0.3 1.9 0.1
DTr-o (standing) 1.6 0.3 1.6 0.1
RDN 3 Avg Temp Seated 224 0.1 223 0.2
5 Avg Temp Standing 22.7 0.1 22.5 0.2
& DT Seated 1.8 0.1 1.7 0.1
§ DT Standing 1.9 0.0 1.9 0.1
8 DT Room 2.0 0.2 2.0 0.1
§ DTr-o (seated) 1.2 0.1 1.2 0.1
é DTr-o (standing) 0.9 0.1 0.9 0.1
;:;f RDY 2 Avg Temp Seated 22.6 0.1 22.6 0.1
g Avg Temp Standing 22.9 0.2 22.9 0.2
‘é DT Seated 1.9 0.1 1.9 0.1
g DT Standing 1.9 0.1 1.9 0.1
“qo‘) DT Room 1.4 0.0 1.4 0.0
3 DTr-o (seated) 0.6 0.0 0.6 0.0
DTr-o (standing) 0.3 0.0 0.3 0.0
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Sample
Category size Variable Median MAD Mean SEM

OK 20 Avg Temp Seated 22.2 0.4 22.0 0.2

Avg Temp Standing 22.6 04 22.3 0.2

DT Seated 2.0 0.4 2.0 0.1

DT Standing 2.1 0.3 22 0.1

DT Room 2.7 0.4 2.8 0.1

DTr-o (seated) 1.9 0.1 1.9 0.1

DTr-o (standing) 1.6 0.2 1.6 0.1

BC 2 Avg Temp Seated 21.7 0.1 21.7 0.1

Avg Temp Standing 22.4 0.1 224 0.1

S DT Seated 2.2 0.2 22 0.2
% DT Standing 3.6 0.3 3.6 0.3
= DT Room 4.2 0.4 4.2 0.4
S DTr-o (seated) 3.1 0.4 3.1 0.4
Qo DTr-o (standing) 2.5 0.3 25 0.3
g BD 3 Avg Temp Seated 22.2 0.2 223 0.2
€ Avg Temp Standing  22.3 0.2 225 0.3
"? DT Seated 0.8 0.1 1.5 0.8
g DT Standing 0.8 0.0 1.8 1.0
= DT Room 0.7 0.0 1.8 1.1
DTr-o (seated) 0.4 0.0 1.2 0.7

DTr-o (standing) 0.3 0.0 0.9 0.6

BFC 3 Avg Temp Seated 23.0 0.3 23.3 04

Avg Temp Standing 23.3 0.3 23.5 0.4

DT Seated 1.3 0.3 1.3 0.2

DT Standing 14 0.1 1.5 0.1

DT Room 25 0.1 24 0.1

DTr-o (seated) 2.0 0.1 1.9 0.2

DTr-o (standing) 1.8 0.2 1.6 0.2
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Category Sample
size Variable Median MAD Mean SEM

OK 20 Avg Temp Seated 22.2 0.4 22.0 0.2

Avg Temp Standing 22.5 04 223 0.2

DT Seated 1.8 0.4 1.8 0.1

DT Standing 2.0 0.3 2.0 0.1

DT Room 2.6 0.4 25 0.2

DTr-o (seated) 1.9 0.2 1.7 0.1

? DTr-o (standing) 1.6 0.2 1.4 0.1
g TC 5 Avg Temp Seated 221 0.2 22.0 0.1
% Avg Temp Standing 22.5 0.0 22.6 0.1
-§ DT Seated 2.7 0.4 26 0.2
:;’ DT Standing 33 03 3.4 0.2
% DT Room 3.9 0.1 4.0 0.2
CLIS DTr-o (seated) 2.8 0.1 2.8 0.2
g DTr-o (standing) 2.2 0.2 2.3 0.1
E TF 3 Avg Temp Seated 23.0 0.3 23.3 04
Avg Temp Standing 23.3 0.3 23.5 0.4

DT Seated 1.3 0.3 1.3 0.2

DT Standing 14 0.1 1.5 0.1

DT Room 25 0.1 24 0.1

DTr-o (seated) 2.0 0.1 1.9 0.2

DTr-o (standing) 1.8 0.2 1.6 0.2
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Sample
Category
size Variable Median MAD Mean SEM
OK-OK 18 Avg Temp Seated 22.2 0.4 22.0 0.2
Avg Temp Standing 22.5 0.5 22.3 0.2
DT Seated 1.9 0.4 1.9 0.1
DT Standing 2.0 0.3 2.1 0.1
DT Room 27 0.4 27 0.1
DTr-o (seated) 1.9 0.1 1.8 0.1
DTr-o (standing) 1.6 0.1 1.5 0.1
TC-OK 2 Avg Temp Seated 221 0.0 221 0.0
Avg Temp Standing 22.6 0.0 22.6 0.0
. DT Seated 2.8 0.1 2.8 0.1
% DT Standing 3.1 0.1 3.1 0.1
8 DT Room 3.8 0.1 3.8 0.1
E DTr-o (seated) 26 0.1 26 0.1
g DTr-o (standing) 2.1 0.1 21 0.1
% TF-BFC 3 Avg Temp Seated 23.0 0.3 23.3 0.4
_é Avg Temp Standing 23.3 0.3 23.5 04
5 DT Seated 13 0.3 13 0.2
o DT Standing 1.4 0.1 1.5 0.1
g DT Room 25 0.1 24 0.1
6‘3 DTr-o (seated) 2.0 0.1 1.9 0.2
& DTr-o (standing) 1.8 0.2 1.6 0.2
é TC-BD 1 Avg Temp Seated 22.5 0.0 22.5 (inf)
a Avg Temp Standing 23.1 0.0 23.1 (inf)
DT Seated 3.1 0.0 3.1 (inf)
DT Standing 3.7 0.0 3.7 (inf)
DT Room 4.0 0.0 4.0 (inf)
DTr-o (seated) 26 0.0 26 (inf)
DTr-o (standing) 20 0.0 20 (inf)
OK-BD 2 Avg Temp Seated 221 0.1 221 0.1
Avg Temp Standing 22.2 0.1 22.2 0.1
DT Seated 0.8 0.0 0.8 0.0
DT Standing 0.8 0.0 0.8 0.0
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DT Room 0.7 0.0 0.7 0.0
DTr-o (seated) 04 0.0 0.4 0.0
DTr-o (standing) 0.3 0.0 0.3 0.0
TC-BC 2 Avg Temp Seated 21.7 0.1 21.7 0.1
Avg Temp Standing 224 0.1 22.4 0.1
DT Seated 22 0.2 2.2 0.2
DT Standing 3.6 0.3 3.6 0.3
DT Room 4.2 0.4 4.2 0.4
DTr-o (seated) 3.1 0.4 3.1 04
DTr-o (standing) 2.5 0.3 2.5 0.3
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4.2 Ventilation effectiveness and CO, extraction results

Pollutant removal effectiveness (PRE) values were calculated for 9 spaces
over several periods for a total of 24 PRE determinations®*. PRE values ranged
from 0.97 to 1.62 and had a median of 1.20 and mean of 1.23¢, which is higher
than the average PRE result of 1.13 found by Fisk et al. (2006: 295), and indicates
a substantial improvement in performance compared with a conventional overhead
mixing system (nominal PRE of 1).

Results of ventilation effectiveness were organized to evaluate the influence
of the following space characteristics:

- occupancy density (occupants/m?)
- occupancy per unit of air flow (occupants per L/s) and air flow per
occupant (L/s per occupant)
- temperature stratification
- diffuser location relative to furniture
- diffuser location relative to occupants
- room type
As with the results of temperature stratification, some data sets are grouped

based on unquantifiable criteria (i.e., “diffuser location relative to furniture” and

*® The number of PRE determinations is smaller than that for temperature stratification, because the
former excluded unoccupied spaces

% The median absolute deviation (MAD) was 0.16, and the standard error of the mean (SEM) was
0.04
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“diffuser location relative to occupants”). The grouping criteria can be found in
section 4.1.

“Pollutant removal effectiveness” was used as the index of the system’s
ventilation performance®, while the CO, concentration at breathing level (1.1 m for
seated adults) was used as the proxy for CO, extraction®®. A relationship was
sought between the performance of the system in terms of PRE and its
performance in terms of CO, extraction, so PRE was plotted against CO,
concentration.

The following sections (4.2.1 to 4.2.10) show the influence of a variety of
space characteristics on system ventilation performance. Table 4-5 in section

4.2.11 summarizes the results sorted by category.

4.21 Occupancy density (occupants/m?)

Figure 4-25 and Figure 4-26 show, respectively, pollutant removal
effectiveness and CO, concentration (at breathing and return levels) as a function

of occupancy density per unit floor area.

% The higher the PRE, the better the performance of the system

* The lower the CO, concentration at breathing level, the better the CO, control



1.70
1.60
1.50 -
1.40

1.30

PRE

1.20
1.10
1.00 -
0.90

0.80

0.70
0.0

0.1

0.2 0.3 0.4

Occupancy density (occupants/m?)

113

Figure 4-25 — Pollutant removal effectiveness versus occupancy density (occupants

per unit floor area)
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Figure 4-26 — CO, extraction versus occupancy density (occupants per unit floor area)
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Results shown in Figure 4-25 suggest no relationship between PRE and
occupancy density. At an occupancy density of about 0.1 occupants/m? (the most
common test condition) PRE results range from below unity to above 1.5.

In turn, trend lines in Figure 4-26 show an increase in CO, concentration at
both breathing and return levels with increasing occupancy density.

4.2.2 Occupancy per unit of air flow (occupants per L/s), and air flow per

occupant (L/s per occupant)

Seeking a better indicator of “CO, load” for the system, Figure 4-27 and
Figure 4-28 show, respectively, pollutant removal effectiveness and CO,
concentrations (at breathing and return levels) as a function of occupancy density

per unit of air flow.
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Figure 4-27 - Pollutant Removal Effectiveness versus occupancy density (occupants

per unit of air flow)



115

1400

1200

1000 -

800 -

CO2 Concentration (ppm)

600 1 =% b o Breathing (1.1 m)
®  Return (2.9 m)
400
—— Linear (Breathing (1.1 m))
200 1 Linear (Return (2.9 m))
0 T T
0.00 0.10 0.20

Occupancy density (occupants per L/s)

Figure 4-28 — Breathing level and return air quality versus occupancy density

(occupants per unit of air flow)

Similar to findings in Figure 4-25, Figure 4-27 shows no relationship between
PRE and the number of occupants per unit of air flow. In this regard, occupancy
per unit of air flow adds no information to the findings in the previous section.

On the other hand, the higher correlation factors in Figure 4-28 compared with
those in Figure 4-26 suggest that occupancy per unit of air flow is a better indicator
of the system’s “CO; load”. Figure 4-28 shows a clear trend of increasing CO;
concentration (at both breathing and return levels) with increasing occupancy
density.

The meeting room (space 2105) was of particular interest because it had the
largest variations in occupancy density and, therefore, offered the largest variety of
CO;, loads for the system. This space was object of 7 PRE tests, with number of
occupants ranging from 4 to 14. Figure 4-29 shows the results of PRE in the
meeting room as a function of occupancy density. The number of occupants in the

space during the tests is also indicated in the figure.
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Figure 4-29 - Pollutant Removal Effectiveness versus occupancy density (occupants

per unit of air flow) in the meeting room

Results shown in Figure 4-29 do not suggest any trend of PRE with changing
number of occupants in the meeting room. Moreover, PRE results of tests with the
same number of occupants present large variations: PRE for the 2 tests performed
with 4 occupants in the room differ by 0.15 “PRE units”, and the 2 tests with 8
occupants differ by 0.30 PRE units.

The above figures used “occupants per L/s” to represent the system
ventilation load (load increases as “occupants per L/s” increases). This variable
was useful for the analysis, since its results could be directly compared with the
ones in the previous section, where system ventilation load was expressed in
“occupants per unit of floor area”. However, ASHRAE 62 (ASHRAE 2007) uses
“L/s per person” to define ventilation requirements (i.e., the inverse), thus, this is
the variable familiar to most engineers. Figure 4-30 and Figure 4-31 show,
respectively, PRE and CO, concentrations (at breathing and return levels) as a

function of air flow (in L/s) per occupant.
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Figure 4-30 - Pollutant Removal Effectiveness versus air flow per occupant (L/s per
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Figure 4-31 - Breathing level and return air quality versus air flow per occupant (L/s per

occupant)
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The scatter shown in Figure 4-30 suggests no relationship between PRE and
air per occupant, while the shape of trend lines in Figure 4-31 corresponds to the

inverse of a straight line (“y=ax™

). CO, concentrations increase sharply when air
flow per occupant decreases below 15-20 L/s. For
- CO; concentrations in the space of about 700 ppm (typical values
when air flow per occupant is in the 15-20 L/s range in Figure 4-31),
- 500 ppm in the supply air (typical values, see Table 4-5), and
- 370 ppm in the outdoor air,

a 15-20 L/s total supply air flow would translate into 9-12 L/s of outdoor air per
occupant. This amount of fresh air is consistent with the 10 L/s per person required
in the 1999 version of the ASHRAE 62 ventilation standard. The 2004 version
divides requirements into per person and unit floor area requirements. For the
default value of occupant density in an office space (20 m? per person) and the
corresponding ventilation requirements (2.5 L/s per person, 0.3 L/s per m2), this
would be a total of 8.5 L/s per occupant (ASHRAE 2007: 14). Based on the above
results, this value appears to be at the margin of providing adequate CO,

extraction.

4.2.3 Temperature stratification

Figure 4-32 shows PRE versus temperature gradient. Figure 4-33 shows PRE
versus dimensionless temperature of the air near the floor, which was calculated
as follows (Skistad et al. 2002: 11):

1 T

g = 0dm  “swply Eqn 4-1

T

return ~ 4 sup ply

Dimensionless temperature of the air near the floor is an index used to
represent room air temperature stratification (floor to ceiling) (Skistad et al. 2002:
11). In a room with uniform vertical temperature profile, air temperature would be
the same near the floor and at the return grille, therefore, & would equal unity. On

the other hand, air is warmer at the return grille than near the floor in spaces with
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stratified temperature profiles, leading to values of 6 ranging from zero to one. The

lower @ is, the steeper the temperature differential from floor to ceiling.
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Figure 4-32 — Pollutant Removal Effectiveness versus Temperature Stratification.
“Room stratification” is T(2.9 m) — T(0.1 m), “Standing stratification” is T(1.7 m) — T(0.1 m),
“Seated stratification” is T(1.1 m) — T(0.1 m)
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Figure 4-33 — Pollutant Removal Effectiveness versus dimensionless room temperature

stratification

Figure 4-32 and Figure 4-33 fail to suggest a relationship between PRE and

temperature stratification.

4.2.4 Use of radiant cooling

Section 4.1.4 showed a strong effect of radiant cooling operation on
temperature stratification. Figure 4-34 shows PRE versus temperature gradient
with RDN and RDY.
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Figure 4-34 — Pollutant Removal Effectiveness versus Temperature Stratification.
“Room stratification” is T(2.9 m) — T(0.1 m), “Standing stratification” is T(1.7 m) — T(0.1 m),
“Seated stratification” is T(1.1 m) — T(0.1 m)

The only RDY test available shows a relatively low PRE value, yet it falls
within the range of PRE values corresponding to tests with RDN. PRE seems to be

affected less than temperature stratification by the use of radiant cooling.
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Reviewing the performance of combined cooling ceiling (CC) and DV,
Novoselac et al. (2002: 508) concluded that

this system is very sensitive because the stratified boundary layer with high pollutant
concentration can be easily suppressed into the breathing zone. To avoid this, certain
temperature gradient has to be maintained to provide effective contaminant removal

Results in Figure 4-34 do not suggest the existence of a relationship between
temperature stratification and PRE in the studied UFAD system. This effect merits

further investigation.

4.2.5 Pollutant removal effectiveness and CO, extraction

Figure 4-35 shows pollutant removal effectiveness versus CO, concentration
at breathing level and supply air. High PRE values (Y axis) show good
performance of the ventilation system, while low CO, concentration at breathing
lever (X axis) can be interpreted as good CO, extraction. Therefore, results in the
top-left corner of Figure 4-35 correspond to satisfactory performance of the system
in terms of both PRE and CO; extraction.
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Figure 4-35 — Pollutant removal effectiveness versus CO, concentration at breathing

level and supply air
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Results in Figure 4-35 show no clear relationship between system
performance in terms of PRE and CO, extraction (represented here as CO,
concentration at breathing level). Results suggest that there is no trade-off
between PRE and CO, extraction (i.e., the system does not require high CO,
concentrations at breathing level to perform satisfactorily in terms of PRE).

Similarly, there seems to be no relationship between PRE and supply air CO,
concentration. See, e.g., that the test with the highest CO, concentration in the
supply air corresponds to one of the highest PRE achieved.

The following sections evaluate the influence of a variety of space

characteristics on the system performance (PRE and CO; extraction)

4.2.6 Room type

Figure 4-36 shows pollutant removal effectiveness versus CO, concentration

at breathing level for a variety of room types.
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Figure 4-36 — Influence of room type on pollutant removal effectiveness and CO,
extraction. “Open” is open plan office, “Individual” is individual office, “Meeting” is meeting

room, “Break” is break out room
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Results in Figure 4-36 show some common aspects in the results within each
category, however variations within categories are still substantial.

Open office spaces and individual offices show the best CO, extraction (i.e.,
the lowest CO, concentrations at breathing level). However, the system
performance in terms of PRE lacks any trend. It should be noted that office spaces
(open and individual) have low occupancy densities, which lead to low CO;
concentrations according to Figure 4-28.

Meeting rooms and break out rooms show the highest CO, concentrations.

These spaces are the most densely occupied.

4.2.7 Diffuser location relative to furniture

Figure 4-37 shows pollutant removal effectiveness versus CO, concentration

at breathing level for a variety of diffuser locations relative to furniture.
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Figure 4-37 - Influence of diffuser location relative to furniture on pollutant removal
effectiveness and CO, extraction. BC is “beneath chair”, BD is “beneath desk”, BFC is

“beneath filing cabinet”, OK is “diffuser not covered”
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Figure 4-37 shows how diffusers located beneath desks led to relatively low
PRE values (about 1), while spaces with diffusers located beneath chairs and filing
cabinets enjoyed higher PRE results. The later result was unexpected, since the

air flow of diffusers beneath filing cabinets is strongly obstructed.

4.2.8 Diffuser location relative to occupants

Figure 4-38 shows pollutant removal effectiveness versus CO, concentration

at breathing level for a variety of diffuser locations relative to occupants.
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Figure 4-38 - Influence of diffuser location relative to occupants on pollutant removal
effectiveness and CO2 concentrations. “OK” is diffuser at a distance from the occupant

compliant with manufacturer guidelines, TC is “too close”, TF is “too far”

Results shown in Figure 4-38 suggest two counterintuitive relationships.
Firstly, diffusers located “too far” from the occupant are good performers in terms
of both PRE and CO, extraction. Secondly, diffusers that are “too close” to the

occupants may perform poorly in terms of PRE.
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4.2.9 Combined effect: Diffuser location relative to furniture and occupants

Figure 4-39 shows pollutant removal effectiveness versus CO, concentration
at breathing level for a variety of combinations of diffuser location relative to

furniture and occupants
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Figure 4-39 — Combined effect of diffuser location relative to furniture and occupants
on pollutant removal effectiveness and CO, extraction. “OK-OK” is diffuser distance
compliant with manufacturer guidelines and clear of furniture, “OK-BD” is diffuser distance
compliant with manufacturer guidelines and beneath desk, “TC-BC” is “too close” and
beneath chair, “TC-OK” is “too close” and clear of furniture, TF-BFC is “too far” and

beneath filing cabinet

Results shown in Figure 4-39 suggest some counterintuitive relationships
between the system’s performance in terms of PRE and diffuser location.
Unexpectedly, spaces with supply diffusers further from the occupants than
recommended by the manufacturer’'s guidelines and covered by filing cabinets
show some of the best performance of the system in terms of both CO, extraction
and PRE. In turn, spaces with diffusers located too close to occupants and free of

obstruction show poorer performance.
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On the other hand, Figure 4-39 also suggests two relationships that are more
intuitive. Spaces with diffusers located beneath desks have poorer PRE values,
while the space with the supply diffuser beneath the occupant’s chair performs
better.

It should be noted that the “OK-OK” category in Figure 4-39 shows a wide

range of results in terms of both PRE and CO, extraction.

4.2.10 Combined effect: room type and diffuser location relative to furniture

Figure 4-40 shows pollutant removal effectiveness versus CO, concentration
at breathing level for a variety of combinations of room type and diffuser locations

relative to furniture.
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Figure 4-40 - Combined effect of room type and diffuser location relative to furniture on
pollutant removal effectiveness and CO, extraction. “Open” is open plan office, “Individual”
is individual office, “Meeting” is meeting room, “Break” is break out room. “OK” is diffuser
clear of obstruction, “BC” is beneath chair, “BFC” is beneath filing cabinet, “BD” is beneath

desk
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Results in Figure 4-40 show contrasting results for open office spaces and
individual spaces with varying conditions of diffuser obstruction. Individual offices
have higher PRE values when the diffusers are clear of obstructions. On the other
hand, open office spaces show the opposite behaviour, achieving higher PRE
results when the diffusers are covered by furniture.

The above observations suggest that the absence of wall partitions in open
office spaces may play a role in the results. Individual offices are isolated from the
neighbouring spaces, therefore, the performance of the ventilation system
depends solely on the conditions in the individual space (i.e., diffuser location and
air flow), and follows the expected behaviour: obstruction of diffusers leads to
poorer performance. On the other hand, air may move horizontally throughout
open office spaces (both in the occupied and the upper zones), which seems to
have a substantial effect on system performance. However, the reason for a better

PRE in open office spaces with obstructed diffusers remains to be determined.

4.2.11 Summary of results for pollutant removal effectiveness and CO;

extraction

Table 4-5 summarizes the results of PRE and CO, concentration at breathing
level obtained for each category. Medians and means were calculated to provide
the characteristic values of the data sets, while median absolute deviations (MAD)
and standard error of the mean (SEM) were used to characterize scatter.

The median of the PRE determinations was 1.20, which translates into a 20%

reduction in occupant exposure to indoor-generated pollutants with respect to a
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conventional overhead system. PRE results presented large scatters, and ranged
from 0.97 to 1.62. Ventilation performance was substantially influenced by room
type (open space versus enclosed) and diffuser location relative to furniture. Unlike
temperature stratification, PRE seemed indifferent the use of ceiling-mounted
radiant cooling panels®. This study did not found clear relationships between PRE
and 1) space ventilation load (occupants per L/s), 2) CO, extraction (CO,

concentration at breathing level), and 3) temperature stratification.

% This result was based on a single measurement, and requires confirmation by further studies
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Table 4-5 — Pollutant Removal Effectiveness and CO, extraction results. Summary

Sample

Category size Variable Unit Median MAD Mean SEM
All tests 24 PRE ratio 1.20 0.16 1.23 0.04
Cs ppm 500 38 539 17

Cb ppm 681 103 755 37

Cr ppm 700 80 796 43

Open office 8 PRE ratio 1.23 0.21 1.28 0.08

Cb ppm 598 47 616 23

o Individual 5 PRE ratio 1.11 0.13 1.21 0.12
S |office Cb ppm 664 14 657 9
% Meeting room 7 PRE ratio 1.27 0.12 1.28 0.07
© Cb ppm 953 59 957 71
Break out 4 PRE ratio 1.07 0.06 1.09 0.05

Cb ppm 807 51 799 41

OK 18 PRE ratio 1.16 0.13 1.2 0.04
Cb ppm 755 131 808 42

% BC 1 PRE ratio 1.54 0 1.54 (inf)
§ Cb ppm 558 0 558 (inf)
u,'__ BD 2 PRE ratio 1.01 0.03 1.01 0.03
é Cb ppm 657 7 657 7
O |BFC 3 PRE ratio 1.55 0.01 1.47 0.09
Cb ppm 565 14 563 10
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Category Sample
size Variable  Unit Median MAD Mean SEM
OK 18 PRE ratio 1.16 0.13 1.2 0.04
S Cb ppm 755 117 811 42
§ TC 3 PRE ratio 1.03 0.01 1.19 0.17
Cj Cb ppm 617 44 612 30
g TF 3 PRE ratio 1.55 0.01 1.47 0.09
a Cb ppm 565 14 563 10
OK-OK 16 PRE ratio 1.2 0.1 1.22 0.05
© Cb ppm 807 126 830 44
-é OK-BD 2 PRE ratio 1.01 0.03 1.01 0.03
E Cb ppm 657 7 657 7
‘é TC-BC 1 PRE ratio 1.54 0 1.54 (inf)
a
§ Cb ppm 558 0 558 (inf)
9 TC-OK 2 PRE ratio 1.02 0.01 1.02 0.01
g Cb ppm 639 22 639 22
E TF-BFC 3 PRE ratio 1.55 0.01 1.47 0.09
Cb ppm 565 14 563 10
Open-OK 4 PRE ratio 1.06 0.04 1.08 0.03
Cb ppm 672 32 671 22
Open-BC 1 PRE ratio 1.54 0 1.54 (inf)
g Cb ppm 558 0 558 (inf)
‘E | Open-BFC 3 PRE ratio 1.55 0.01 1.47 0.09
"? Cb ppm 565 14 562 10
g Individual-OK 3 PRE ratio 1.3 0.19 1.34 0.15
& Cb ppm 664 15 657 16
a;:_ Individual-BD 2 PRE ratio 1.01 0.03 1.01 0.03
‘z Cb ppm 657 7 657 7
08; Meeting-OK 7 PRE ratio 1.27 0.12 1.28 0.07
Cb ppm 953 59 957 71
Break-OK 4 PRE ratio 1.07 0.06 1.09 0.05
Cb ppm 807 51 799 40
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5 Conclusions and recommendations

5.1 Conclusions

The underfloor air distribution system that was evaluated provided two
benefits relative to a conventional mixing system:

- stratified temperature profiles that would reduce zone heat generation
rates about 5-9% while keeping the head-ankle temperature difference
within the ASHRAE 55 limit of 3 °C for 83% of the test durations and

- an average pollutant removal effectiveness (PRE) of 1.20 (i.e., the
UFAD system studied reduced occupant exposure to indoor-generated
pollutants by about 20%).

These results are better than those found by Fisk et al. (2006), who found a
maximum 1.9 °C temperature differential between floor and ceiling, and average
PRE of 1.13. The results found here are consistent with the hypothesis proposed
by Fisk et al. (2006: 298) that higher temperature stratification would be expected
in a building equipped with a variable air volume underfloor system.

The median of the temperature gradient in the upper zone*® was 1.6 °C, which
is higher than the 0.7 °C average found by Fisk el al. (2006: 296). The estimated
energy savings associated with this temperature rise in the upper zone is about
5% (for scenario 1) and 9% (for scenario 2) (see section 3.5 for details). The above

results assume 18 °C supply air temperature (typical for UFAD systems), 24 °C

*0 Calculated as the difference between return temperature and average temperature in the

occupied zone
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occupied zone temperature, 28 °C outdoor air temperature (typical outdoor air
temperature on a warm summer day in Calgary, when cooling of the outdoor air is
required), and 30% outdoor air fraction. Equations 3-33 and 3-52 may be used to
estimate energy saving factors under various conditions. Note that the energy
saving factors estimated here only account for the benefits of temperature
stratification. This study did not evaluate the potential for energy use reductions
related to the higher supply air temperatures41 and the lower static pressures*? in
UFAD systems relative to conventional mixing systems.

Temperature gradients in the occupied zone were measured in this study in
order to evaluate the effect of underfloor air distribution systems with respect to
thermal comfort. The measured temperature gradients had medians of 1.9 °C and
2.0 °C for seated and standing occupants respectively, which are below the 3°C
limit imposed by ASHRAE Standard 55 (2004: 8). However, the upper limits of the
ranges of measured temperature gradients for both seated and standing
occupants (3.1°C and 4.0°C respectively) were above the limit in the comfort
standard.

Wide variations were observed in temperature stratification, pollutant removal
effectiveness, and CO, concentrations at breathing level (which was used as
indicator of CO; extraction). The following sections summarize the effect of a range

of space characteristics on them.

*1 Extended use of economizer, and higher chiller COP. See section 2.2.2 for details

*2 Reduced fan energy use
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5.1.1 Temperature stratification

5.1.1.1 Heat generation rates

Temperature stratification in the occupied zone increases with increasing heat
generation in the space. This result is consistent with Daly (2002: 24) and Fisk et
al. (2006: 298), who found that “over-airing” precluded the expected temperature
stratification. Heat generation rates per unit floor area in the present project were
comparable to those in the Fisk et al. study, however, supply air flow rates in the
CDC were substantially lower those in the Fisk et al. study and the recommended
value in the UFAD design guide. The resulting higher heat generation per unit of
supply air flow in the CDC led to larger temperature gradients in the occupied
zone, although these gradients were still below the 3 °C limit imposed by the
thermal comfort standard ASHRAE 55 (2004: 8). These results suggest that
thermal comfort could be met with lower supply air flow rates than the
recommended in the UFAD design guide (Bauman et al. 2003: 37), which would
reduce energy use.

On the other hand, results showed that temperature gradients in the upper
zone do not increase with increasing heat generation rates in the space. This
result suggests that the temperature rise in the upper zone is mainly driven by
cooling loads at higher levels (i.e. lights), and, therefore, the energy use reductions
derived from temperature stratification are largely independent of cooling loads in
the occupied zone.

The correlations between temperature gradients and heat generation rates
were weak. Therefore, further research is required to confirm the above
relationships. This study found better correlation factors when heat generation rate
was expressed in a “per unit of air flow” basis rather than in a “per unit of floor
area” basis, which suggests that the former is a better indicator of cooling load

when evaluating the performance of an air-based conditioning system.
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5.1.1.2 Diffuser location

Diffuser location relative to furniture and occupants is the space characteristic
that has the largest influence on temperature gradients. Problematic diffuser
locations can drive air temperature differences between head and ankle beyond
the 3 °C limit imposed by ASHRAE Standard 55 (2004: 8) and/or preclude
temperature stratification. Table 5-1 compares the temperature gradients observed
in spaces with problematic diffuser locations with gradients in spaces with the
diffusers located correctly (distance to occupant as per manufacturer’s guidelines
and free of obstructions).

Vertical air temperature differences between head and ankles fall outside the
acceptable comfort range when diffusers are located too close to the occupant.
These configurations should be avoided. On the other hand, obstruction of
diffusers reduces temperature gradients (including temperature increase in the

upper zone), and the associated energy savings.

Table 5-1 — Influence of diffuser location relative to furniture and occupants on

temperature gradients. Comparison with spaces provided with correctly located diffusers

Diffuser location relative to furniture

OK BFC BD BC

(No data Almost no (Impossible
8 OK (Benchmark) ] o . .
© available) stratification configuration)
© Too large (>3° for
e « Too large (>3° Too large (>3°
c © _ (No data both seated and _
g g TC for standing ) ) for standing
© 9 available) standing
5 3 occupants) occupants)
g occupants)
é TF (No data OK — lower range (No data (Impossible
£

available) of OK-OK available) configuration)




135

5.1.1.3 Radiant cooling

Ceiling-mounted radiant cooling panels reduce air temperature at ceiling level,
resulting in negative temperature gradients in the upper zone (i.e. the return air
temperature is lower than the temperature at head level). Therefore, the use of
ceiling-mounted radiant cooling panels precludes energy use reductions through
temperature stratification. Design teams should take this effect into account if they
seek this energy benefit through UFAD, since the opportunity to reduce energy use
through stratification is limited to cooling seasons, and therefore, would be
coincidental with the use of radiant panels.

The other energy benefits of UFAD systems (i.e., longer use of economizer
cycles, higher chiller COP, and reduced fan energy use through lower static
pressure in the air distribution system) would be consistent with use of radiant
cooling. Using UFAD and radiant cooling may still reduce the overall energy use
for ventilation and space conditioning compared with a conventional mixing
system, however, design teams must not count on energy reductions through

temperature stratification if they combine UFAD and radiant cooling.

5.1.1.4 Relationships among temperature gradients

The results indicate that a slightly positive relationship exists between
temperature gradients in the occupied zone and upper zone (i.e., temperature
gradients in the upper zone increase with increasing temperature gradients in the
occupied zone), however, this relationship is weak. As stated in Section 5.1.1.1,
temperature gradients in the occupied and upper zones are mainly driven by the
heat generation rates in those zones, which are mutually independent. This result
suggests that there is little trade-off between energy use reductions through
temperature stratification (which increase with temperature gradients) and thermal
comfort for the occupants (which decrease with temperature gradients). UFAD
systems could provide satisfactory performance in terms of thermal comfort and

energy use simultaneously.
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The vertical air temperature gradient varied with heat generation rate. The
steepest temperature gradients were found at the levels with the highest
concentration of heat sources (i.e., from 0.6 m to 1.1 m, where people and
computers are located, and at the upper zone, where lights emit heat). These
results confirm the findings of Skistad et al. (2002: 12).

According to the relationships above, concentrating the lighting power at
ceiling level (and reducing the use of task lights on desks) could improve the
thermal performance of UFAD systems. This arrangement would displace some of
the temperature gradient from the occupied zone to the upper zone, where it is

desirable.
5.1.2 Ventilation

5.1.2.1 Occupancy density and ventilation load

This study did not find any relationship between pollutant removal
effectiveness and occupancy density, suggesting that the performance of the
ventilation system in terms of PRE is independent of the number of occupants in
the space.

On the other hand, CO, concentration at breathing level was found to
increase with increasing occupancy density. Similar results would be expected with
conventional overhead mixing systems. This study found better correlation factors
when occupancy density was expressed in a “per unit of air flow” basis (occupants
per L/s) rather than in a “per unit of area” basis (occupants per m2), which

suggests that the former is a better indicator of ventilation load.

5.1.2.2 Diffuser location and room type

A clear relationship between diffuser location and ventilation performance
remains to be established. PRE was not affected by diffuser location relative to

furniture and occupants in the manner that temperature stratification is.
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Ventilation performance was strongly influenced by room type. Individual
offices show better ventilation performance (i.e., higher PRE and lower CO,
concentrations at breathing level) when supply diffusers are free of obstruction by
furniture. However, open office spaces showed the opposite behaviour (i.e.,
ventilation performance indicators show better results when diffusers are covered
by furniture). These results suggest that the absence of wall partitions in open
office spaces may play a role in the results. CO, may move horizontally throughout
open office spaces (in both the occupied and upper zones), which seems to have a
substantial effect on the system performance. However, this project failed to
identify the reason for a better PRE in open office spaces with obstructed diffusers.
Influence of space characteristics on ventilation performance requires further

research.

5.1.2.3 Radiant cooling

While temperature stratification was strongly affected by the use of ceiling-
mounted radiant cooling panels, this study did not find strong evidence of lower
PRE with use of radiant cooling. The PRE of the only test available in an occupied
space cooled with radiant panels was slightly above 1, suggesting that
contaminants did not recirculate to the occupied zone. Note that this result was

based on a single test, and requires confirmation.
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5.1.2.4 Pollutant Removal Effectiveness and CO, extraction

PRE and CO; concentration at breathing level seemed unrelated, suggesting
that ventilation performance in terms of PRE was independent from the CO,
concentrations in the space. The system did not require high CO, concentrations
to achieve PRE values above unity. There appeared to be no trade-off between
ventilation performance in terms of PRE and CO; extraction.

From the above observation, ventilation standards could assign a single
nominal PRE for underfloor air distribution systems regardless of the space type

and use®.

5.1.3 Ventilation performance and temperature stratification

A relationship between temperature stratification and PRE was not found in
this field study, suggesting that air temperatures and CO, concentrations in spaces
provided with underfloor air distribution systems behave differently. Therefore,
measurements of one should not be used as an indicator of the other.

The results suggest that there is no trade-off between satisfactory
performance in terms of ventilation, thermal comfort (temperature difference
between head and ankle), and energy use reductions (air temperature increase in
the upper zone). UFAD systems could provide improved ventilation, satisfactory

thermal conditions, and reduced energy use simultaneously.

43 Space use defines occupancy density and the associated ventilation load. CO, concentration at
breathing level increases with increasing load (see section 5.2.1). However, PRE is independent

from CO, concentration at breathing level.
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5.2 Recommendations and further research

5.2.1 Design recommendations

1-

Properly designed and built** UFAD systems provide ventilation and energy
benefits over overhead systems without compromising thermal comfort.
Provided that these benefits are confirmed by further research, they should be
included in building standards and rating systems. According to the results
achieved in this field study, the nominal ventilation effectiveness of UFAD could
be increased from 1.0 to 1.2 in the ventilation standard ASHRAE 62.1
(ASHRAE 2007). Similarly, energy use reductions derived from temperature
stratification could be included in the energy analysis of buildings provided with
UFAD.

UFAD performance depends on the close collaboration of the design and
construction team, requiring more coordination among them than conventional
overhead systems do. This field study found that coordination problems in
terms of location of supply diffusers relative to furnishing layout caused
unacceptable thermal comfort conditions in some workstations. Design teams
must be aware of the coordination requirements associated with UFAD, and

choose UFAD only if they are willing to deal with them.

* |.e., following the design and construction recommendations included in the UFAD design guide
(Bauman 2003)
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The energy use reductions derived from temperature stratification depend on
the heat generation rates in the upper zone. In order to maximize this energy
benefit, design teams should:

a. Move heat generation sources from the occupied zone to the upper
zone. In practice, this translates into choosing ambient lighting over task
lighting®®, and using window blinds

b. Avoid use of ceiling-mounted radiant cooling panels, which preclude air
temperature increase in the upper zone

The VAV system in the CDC handled heat generation rates similar to those in
the Fisk et al. study building with lower supply air flow rates*®, maintaining
temperature differentials in the occupied zone within the limits of the thermal
comfort standard (ASHRAE 2004). Variable air flow in UFAD systems would
allow better performance in terms of energy and CO, control than constant

volume systems.

5.2.2 Research recommendations

1-

Results of temperature stratification found in this field study are consistent with

previous findings regarding UFAD (which were mainly developed based on lab

45 Through individual control, task lighting may provide the best overall energy performance in some

space configurations (e.g., in open office spaces, where ambient lighting is controlled in a zone by

zone basis rather than individually). Task lighting is still the best option in such cases.

*® Air flow rates found by Fisk et al. ranged from 2.1 to 4.0 L/s per m’, typical air flow rates in the
CDC ranged from 1.4 to 2.0 L/s per m?
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tests and CFD models)*’. However, results of PRE fail to suggest any clear
relationship between ventilation performance and parameters that were studied
(e.g., space load and temperature stratification). Further research should focus
on the ventilation performance aspects of UFAD.

The reliability of the analysis of UFAD performance as a function of space load
was compromised by the inaccuracy of air flow measurements and the
estimates of heat transfer through walls and windows. While determining
envelope instantaneous heat gain in a field study is intrinsically complex,
instrumentation to measure supply air flow could be adapted to the specifics of
UFAD (i.e., low air flow rates and turbulent discharge pattern). With the
increasing popularity of UFAD, air flow metering of small supply diffusers will
become more important for system balancers and commissioning agents.
Future field studies would benefit from a standard for determination of PRE.
Until a standard is developed, some important measurement methods depend
on the researcher’s preference. For example, there is no consensus on the
“correct” distance from the CO, sensors to occupants, which has a substantial
effect on the readings. A standardized method of determining PRE would ease
comparison among field studies.

Future field studies should seek opportunities for more tests with changes in
one single variable at a time. For example, the effect of diffuser obstruction on
temperature stratification and PRE could be tested in an interior room (not

" See Section 4.1 for details
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effected by uncontrollable heat transfer through walls and solar heat gain) by

adding temporary obstructions to the available diffusers.
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Appendix A — Test locations

Figures included in this appendix show tested areas in the building, as well as
their corresponding measurement locations. Supply diffusers and measurement

locations are marked as follows:

*d}f Measurement location

Supply diffuser

I 1 Limits of the “space unit” (i.e., area used in calculations)
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Figure A-0-4 - Room 2105
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Figure A-0-9 — Workstations 2089-2094
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Appendix B - Acceptable approximation for operative temperature
(ASHRAE 55)
ASHRAE 55 (2004: 20) states:

The assumption that operative temperature equals air temperature is
acceptable when these four conditions exist:

1. There is no radiant and/or radiant panel heating or radiant panel cooling
system;

2. The average U-factor of the outside window/wall is determined by the
following equation:

U, < L (sh
td,i - td,e
where
Uw = average U-factor of window/wall, W/m2-K
td,i = internal design temperature, °C
td,e = external design temperature, °C;
3. Window solar heat gain coefficients (SHGC) are less than 0.48; and
4. There is no major heat generating equipment in the space.

In the tested spaces:

Radiant cooling was active during 2 of the 30 temperature tests. Condition
1 was met in 28 of the 30 temperature tests

In perimeter spaces (the most extreme conditions):

average U-factor of window/wall:

Uy =0.4W /m*°C

=1.9W /m*°C

UW[ndow

o _Nmx1owimoC)+ Qomx 04w im*C) o sae

Wave 3.9m

Design temperatures
t, =22°C
t, =—27°C

50 _ 50,
—t,, 22+27

1y

i
>

Since 0.8 <1, condition 2 was met in all tests.

Window SHGC was 0.32. Since 0.32<0.48, condition 3 was met in all tests.
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There were no major heat generating equipment in the spaces, condition 4

was met in all tests.

Operative temperature can therefore be approximated by air temperature
for all tests with the exception of the 2 tests performed when cooling was being
provided by radiant panels.
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Appendix C — Sensor accuracy and measurement error

C.1 Temperature Stratification

Air temperature was measured using thermistors with accuracy of £0.2 °C.
In order to reduce the uncertainty in the measurements, the thermistors were
calibrated by comparison to a resistance temperature detector (RTD) with
accuracy of £0.1°C, which, in turn, had been calibrated by the National Institute
of Standards and Technology (NIST)*. After applying the correction factor, the
readings of all the thermistors fell within a +0.075°C band. Therefore, the
uncertainty in the temperature measurements was approximately +0.08°C,
while the uncertainty in temperature stratification (difference in temperature)
was approximately +0.15°C. Table C-1 summarizes the information on

temperature measurement characteristics.

Table C-1 — Temperature sensor characteristics relative to ASHRAE Guideline 14
Requirements (ASHRAE 2002)

System Error Component Error
System ASHRAE Guideline 14
error Requirements

Sensor accuracy (before calibration) 10.2°C na

Temperature measurement uncertainty | £0.08°C 1% to 2% - 0.2 °C for

*® ASHRAE guideline 14 (2002: 56) accepts the following as a calibration method for
temperature measurements: “Laboratory and field multi-point verification/calibrations using cold
block, hot block cell, or regulated fluid bath that has been calibrated by a NIST traceable device
or utilizes a secondary standard as reference; include physical standards whenever possible”.
Thermistors were calibrated measuring air temperatures in the operating range (22°C — 25°C)

using a NIST calibrated RTD as reference
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(after sensor calibration) 1% over 20 °C

temperature range

Temperature stratification uncertainty | £0.15°C na

(after sensor calibration)

C.2 Pollutant removal effectiveness (PRE)

The same calibrated infrared CO, analyzer was used for all the
measurements in this study to avoid errors due to instrument bias (air samples
from the measurement points were multiplexed to the analyzer). Therefore,

PRE determinations were free of instrument error.

C.2.1 Sensitivity of PRE to variations in CO; readings

Since the air in the test spaces was not completely mixed (due to
stratification), variations in the individual CO, readings may be expected®. This
section evaluates the sensitivity of PRE calculations to small variations in the
individual CO, readings.

PRE does not follow a linear relationship with the CO, concentration values
at supply air, breathing level, and return level, but rather a linear relationship
with their differences. Recall the equation used to calculate PRE (Fisk et al.
2004: 6).

—C.
02y Eqn C-1
-C

P R E Creturn
co, =
o C

breathing sup ply

* This is particularly true for measurements at breathing level, which are the most affected by

occupant proximity
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Since the relationship is nonlinear, changes in PRE due to variations in the
input CO, concentration values are also nonlinear. From propagation of error
analysis (Lindberg 2008):

For Z=X-Y, AZ = J(AX)? +(AY)’ Eqgn C-2
2 2
For 7-% AZ _ (&j +(£j Egn C-3
Y Z X Y

Therefore, the error (variation) for an individual value of PRE can be

calculated combining the above equations as follows:

2

APRE

PRE C

2
AC t ’ + ACu )2 AC reathin ’ + ACsu )2
(%) = 100 * ‘/ L ‘/ C” e - b | Eqgn C-4

- C breathing sup ply

return sup ply

where ACis the absolute error (variation) of the individual measurements
(in ppm). According to Eqn C-4 , variations in PRE are not proportional to
variations of the individual measurements, but depend on the concentration
values being measured (see terms C C and C in Egn C-4).

sup ply breathing return
These concentrations vary widely depending on the space occupancy density
and air flow rate®.

For a given set of measured CO, concentrations (at supply air, breathing
level, and return level), Eqn C-4 can be used to calculate the sensitivity of PRE

to an assumed set of variations in the measured values (AC terms).

%0 Supply air CO, concentrations ranged from 435 ppm to 769 ppm, CO, concentrations at
breathing level ranged from 543 ppm to 1176 ppm, and CO, concentrations at return level

ranged from 589 ppm to 1312 ppm
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In order to illustrate robustness of PRE determinations with changing CO,

concentrations, Figure C-0-1 shows sensitivity of the PRE determinations as a

function of the CO, concentration at breathing level and PRE itself. Since

sensitivity of PRE depends on three variables (the three measured CO;

concentrations) in addition to their variations [AC s], the following assumptions

were required to plot Figure C-0-1:

1-

CO; concentration in the supply was assumed to be 500 ppm, which
corresponds to the median of the measured values. CO,
concentrations in the supply air show relatively small deviations (see
results: median absolute deviation = 38 ppm, standard error of the
mean = 17 ppm), being the most stable of the three measured
concentrations.

Relative variations in the readings were assumed to be 1%.
Therefore the AC terms were calculated as 1% of the corresponding
concentration values. Note that the 1% value is arbitrary, and only

meant for illustrative purposes.

+/- PRE error (dimensionless)

o
o
>

°
o
N}

o
o
=)

0.08

0.06 -

0.04 4

0.02

0.00

| PRE= 1.6
41 PRE =14
PRE = 1.2
1PRE=1.0
500 600 700 800 900 1000 1100 1200
Breathing level CO, concentration (ppm)

Figure C-0-1 — Sensitivity of PRE to variations in CO; readings as a function of PRE

and CO, concentration at breathing level (assuming 500 ppm supply air concentration

and 1% variation in CO, readings)
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Figure C-0-1 shows a higher sensitivity of PRE when PRE is high and CO,
concentration at the breathing level is low. Note (e.g.) that 1% variation in the
individual CO, readings would lead to a 10% change in PRE when CO,
concentration at breathing level is 600 ppm and PRE is 1.2. PRE
determinations are more robust when CO, concentrations at the breathing level
are high.

This figure may be used to estimate the sensitivity of PRE values shown in
Section 4.2 to small variations in associated CO, readings. As detailed in the
results section, this study found higher CO, concentration at breathing level in
meeting rooms (mean = 957 ppm) compared with open office spaces (mean =
616 ppm). These two space types have comparable PRE values (the mean in
both cases was 1.28). However, according to Eqn C-4 and Figure C-0-1, PRE
determinations in meeting rooms are less sensitive to small variations in the

individual CO, readings.

C.3 Supply air flow rate

The supply air flow rate was obtained from the building management
system (BMS), which logged instantaneous air flow values for every VAV box in
the building at 10-minute intervals (see 3.1 for information on supply air
temperature measurements). Air flow values reported in the BMS were
calculated based on readings from differential pressure sensors installed in the
VAV boxes. This was a two-step process:

- “pick-up” tubes fed differential pressure sensors, which measured
both total pressure and static pressure, and calculated velocity
pressure as the difference between them.

- The BMS calculated air flows by applying a conversion factor to the
velocity pressure. This conversion factor (with units “(L/s)/(Pa)’) had
been determined by the constructors during the balancing of the air
supply system.

The velocity pressure sensors had an accuracy of 5%, however,
additional information was required to characterize the accuracy of the air flow

readings, which are strongly influenced by the accuracy of the conversion factor
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determined during air balancing. Since there was no information available from
the air balancing process to quantify its accuracy, the accuracy of the air flow
readings recorded by the BMS could not be quantified. While pressure taps
could have been installed in the ducts to obtain measurements with known
error, this was beyond the resources available for the research.

The air flow readings from the BMS were checked against flow
measurements performed at individual diffusers with a portable air flow meter.
This instrument was used to measure the air flows of individual floor diffusers,
which were added (on a “per VAV box” basis) for comparison with the values
recorded by the BMS. The airflow meter was a constant temperature thermal
anemometer with an accuracy of + (3% + 2.4 L/s)*". Therefore, the error in the

total air flow supplied by a VAV box was:

ErrorTotalAirﬂow(l/S) = \/Z:II(AFZOWz)Z Eqn C-5
where: AFlow, is the absolute error (in L/s) of the individual air flow

measurements of the n diffusers fed by the same VAV box. Relative errors in
portable air flow meter measurements were estimated to range from
approximately £5% to £22%

This study lacked sufficient data to quantify the uncertainties in air flow
measurements with both the BMS and the portable airflow meter. When their

readings were compared, the values reported by the BMS sometimes fell

> According to the representative of the air flow meter manufacturer [Norman Brown, TSI
Incorporated, Shoreview, MN (personal communication, September 8, 2008)], the turbulent
nature of the airflow of floor diffusers could worsen the instrument’s accuracy. Unfortunately, he

was not able to quantify the negative effect on accuracy.
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outside the range identified through error analysis (
Eqgn C-5) of the readings from the portable air flow meter.

The readings obtained from the portable air flow meter were taken as more
accurate, and were used to calibrate the readings from the BMS across the
programmed range of flow for each VAV box®?. A calibration factor was
calculated for each VAV box, comparing the readings from both sources. This
method was more convenient than the direct use of the portable air flow meter
during the tests®. The addition of air flow values created additional uncertainty
in the calculations.

Techniques for accurate field measurement of air flow are not available.
The challenges of accurate measurement of air flow include low air velocities
and non uniform air velocity profiles (Schwenk 1998: 1, Brown 2008), both of

which are characteristic of UFAD supply air diffusers.

C.4 List of measurement equipment
- 1 CO3 analyser: PP systems EGM-4
- 5 Thermistors: Campbell Scientific 109
- 1 Thermistor: Campbell Scientific 107

°2 ASHRAE Guideline 14 (2002: 57) states that “Field calibrations of air flow can be performed
under steady-state conditions by pitot tube or propeller anemometer traverses in at least two
planes. These devices require laboratory calibration for the field calibration to be valid. Where
the field conditions will vary under normal operation, calibrations should be checked over a
range of at least five flow rates”.

> The portable air flow meter lacked a logging capability, therefore, its use would have required
the attention of the researcher during the whole test. This was not desirable to avoid

interference with the normal activity of the building
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- 1 Datalogger: Campbell Scientific CR1000
- 1 Air flow meter: Alnor 6200E LoFlo Balometer
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Appendix D — Steady state conditions algorithm

The following procedure was followed to ensure steady state conditions in

the tests:

1-

Measurements were performed for long periods of time, during which
the researcher recorded variations in internal heat gains (occupancy
density and plug loads).

Measurement data were divided into shorter data sets with constant
conditions of internal heat gains

Periods of constant interior heat gains were compared with air flow rate
data. The length of the “steady state conditions” was shortened so that
the airflow was constant throughout the test.

If the temperature readings in the space were stable during the length
of the test (adjusted as per steps 2 and 3, with constant interior heat
gains and supply air flow rates), the researcher considered that
variations in heat transfer through walls and windows did not
substantially affect test conditions.

5°C was the largest variation in outdoor air temperature observed
during “steady state conditions” (as defined above). The variation in
heat transfer associated to this temperature difference was below 70
W.



