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Problem Description

Background and objective.

In Trondheim, a new bank building complex named Sparebank 1 kvartalet is erected. In the
buildings the designers have decided to use an innovative HVAC solution including an underfloor
air distribution (UFAD] system. This is done in order to achieve effective ventilation, good indoor air
quality and at the same time using the thermal mass of the building construction as an energy
storage device.

The office part of the premises is mainly landscaped offices, single person offices as well as
meeting rooms and other accommodations typical for bank buildings. The main issue is
minimizing the carbon footprint and the need for delivered energy in a multi-functional building
where the different functions are time dependent, while at the same time satisfying occupants
requirements for indoor climate and cost efficiency.

The plan of progress shows that the testing of the first block is starting in March / April 2010 and
that the final and total test is to be finalized in Sept / Oct 2010. It will therefore not be possible for
the candidate to evaluate the solutions in full, but it can still focus on the importance of correct
planning and what should be evaluated when commissioning of the complete HVAC-plant is to be
done.

The following questions should be considered in the project work:

1. Initially, the candidate shall make a brief, but general and satisfactory, description of the
building complex including ventilation principle, the HVAC-technical systems and other relevant
installations.

2. Then the candidate shall focus on:

Test procedures with a focus on what should be tested

What should be emphasized with respect to measurement and control during testing

What should be evaluated and what should be included in this initial period of testing,
including registration and measurement of customer satisfaction?

What is the necessary documentation for the measurement of achievement?

3. Finally, the candidate shall give an assessment of what can be expected with regard to
working environment and indoor air quality as well as energy consumption and environmental
impact of the new bank building.

Assignment given: 25. January 2010
Supervisor: Vojislav Novakovic, EPT
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ventilasjonssystem (“installasjonsgulv”’) inkludert innspill til hva som bgr vektlegges nar
evaluering av hele systemet skal gjennomfgres.

Background and objective.

In Trondheim, a new bank building complex named Sparebank 1 kvartalet is erected. In the
buildings the designers have decided to use an innovative HVAC solution including an
underfloor air distribution (UFAD) system. This is done in order to achieve effective ventilation,
good indoor air quality and at the same time using the thermal mass of the building construction
as an energy storage device.

The office part of the premises is mainly landscaped offices, single person offices as well as
meeting rooms and other accommodations typical for bank buildings. The main issue is
minimizing the carbon footprint and the need for delivered energy in a multi-functional building
where the different functions are time dependent, while at the same time satisfying occupants’
requirements for indoor climate and cost efficiency.

The plan of progress shows that the testing of the first block is starting in March / April 2010 and
that the final and total test is to be finalized in Sept / Oct 2010. It will therefore not be possible
for the candidate to evaluate the solutions in full, but it can still focus on the importance of
correct planning and what should be evaluated when commissioning of the complete HVAC-
plant is to be done.

The following questions should be considered in the project work:
1. Initially, the candidate shall make a brief, but general and satisfactory, description of the

building complex including ventilation principle, the HVAC-technical systems and other
relevant installations.

2. Then the candidate shall focus on:

o Test procedures with a focus on what should be tested



e What should be emphasized with respect to measurement and control during testing

e What should be evaluated and what should be included in this initial period of testing,
including registration and measurement of customer satisfaction?

e What is the necessary documentation for the measurement of achievement?

3. Finally, the candidate shall give an assessment of what can be expected with regard to
working environment and indoor air quality as well as energy consumption and environmental
impact of the new bank building.

Within 14 days of receiving the written text on the diploma thesis, the candidate shall submit a
research plan for his project to the department.

When the thesis is evaluated, emphasis is put on processing of the results, and that they are
presented in tabular and/or graphic form in a clear manner, and that they are analyzed carefully.

The thesis should be formulated as a research report with summary both in English and
Norwegian, conclusion, literature references, table of contents etc. During the preparation of the
text, the candidate should make an effort to produce a well-structured and easily readable report.
In order to case the evaluation of the thesis, it is important that the cross-references are correct. In
the making of the report, strong emphasis should be placed on both a thorough discussion of the
results and an orderly presentation.

The candidate is requested to initiate and keep close contact with his/her academic supervisor(s)
throughout the working period. The candidate must follow the rules and regulations of NTNU as
well as passive directions given by the Department of Energy and Process Engineering.

Pursuant to “Regulations concerning the supplementary provisions to the technology study
program/Master of Science” at NTNU §20, the Department reserves the permission to utilize all
the results and data for teaching and research purposes as well as in future publications.
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subject. (A short summary including the author’s name and the title of the thesis should also be
submitted, for use as reference in journals (max. 1 page with double spacing)).

Two — 2 — copies of the thesis shall be submitted to the Department. Upon request, additional
copies shall be submitted directly to research advisors/companies. A CD-ROM (Word format or
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Summary

The following paper presents HVAC system commigsigractivities, highlighting the
most critical techniques and features to consideencommissioning the underfloor air
distribution (UFAD) system. UFAD systems are naarsiard and unique and therefore
a special attention is needed to some issues amgtiens specific only for UFAD
installations, e.g. coordination of the raised ascdloor, carpet and furnishings,
temperature stratification etc. Some of the mostartant tests to be performed during
commissioning of UFAD systems, are the air leakae stratification and thermal
decay testing. In order to achieve successful dparaf UFAD, the active participation
of all involved parties, e.g. architects, interd@signers, HVAC designers, contractors
etc. is needed since the very beginning of theeptojCommissioning of UFAD just
requires a discipline, structured approach and ciomemt from all participants
involved.

The practical study involved assessment of expedi€@dD performance at the
Sparebank kvartalet office building complex in Tdbeim, Norway. The underfloor
plenum was not properly sealed, creating a sigificisk of future energy waste. The
openings in the raised access floor constructiso dead to the dust and dirt
accumulation in the plenum. This in its turn woulot only impair indoor air quality,
but could also lead to the malfunction of mechdrecmipment installed in the plenum.
Trying to seal the plenum after laying down thepeamwas found to be difficult, costly
and time consuming. Even though relatively goodiatribution in the entire floor was
achieved, some diffusers (automatically controllede located too close to the
workstations and it will be probably needed to raage their layout in order to avoid
draught complaints by occupants.

The easier commissioning and better performanc®&lFAD in Sparebank Kvartalet
could actually be achieved in a less time consumamgl costly way if the
commissioning would start early in the pre-desigrage, with a well established
commissioning plan.



Abstract

The following paper presents HVAC system commigsigractivities, highlighting the
most critical techniques and features to consideencommissioning the underfloor air
distribution (UFAD) system. Air leakage, room airasification and thermal decay
testing are the most important tests to be caroeddin order to achieve successful
operation of UFAD, i.e. creating good indoor clieatith low energy use.

The practical study involved assessment of expedi€d\D performance at the
Sparebank kvartalet office building complex in Tdbeim, Norway. The underfloor
plenum was not properly sealed, creating a sigificisk of future energy waste. The
openings in the raised access floor constructicso dead to the dust and dirt
accumulation in the plenum. This in its turn woulot only impair indoor air quality,

but could also lead to the malfunction of mechdrecmipment installed in the plenum.
Even though relatively good air distribution in tleeatire floor was achieved, some
diffusers (automatically controlled) are located tdose to the workstations and it will
be probably needed to rearrange their layout irerotd avoid draught complaints by
occupants.

Key words: HVAC, Underfloor air distribution (UFADAIr leakage, Thermal decay,
Underfloor plenum, Raised access floor, Indoogality
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1 Introduction

For the last few decades underfloor air distribusgstems have become very common
in a wide variety of projects ranging from officas schools and data centers. These
systems besides being innovative are also effedterecan combine desire for good air
quality and comfort with requirements for low energse and cost efficiency [Bauman
2003]. However, similarly like with any other HVA@roject, the success of UFAD
project with respect to the energy and operatiggeaformance depends greatly on
commissioning activities.

According to [ASHRAE 2007] commissioning is definasi‘a quality-oriented process
for achieving, verifying, and documenting that peeformance of the facilities, systems,
and assemblies meets defined objectives and efitefiihus the primary objective of
any HVAC commissioning process is to provide docot@é confirmation that
facility’s building systems operate as designeal, fulfilling the specified performance
requirements for the building owner, occupants @petators.

Generally, UFAD systems do not require specificiousual steps in the commissioning
process, and the traditional commissioning acésitcan be implemented. However,
commissioners should always keep in mind that desi UFAD systems is non-
standard and unique. Therefore a special atterisSoneeded to some issues and
situations specific only for UFAD installationsge coordination of the raised access
floor, carpet and furnishings, temperature stiaiion etc. Since so far no UFAD
commissioning standards are available, commissipagents based on their previous
experience usually set up their own guidelines ifipelcfor a particular project. The
exact method to be used or the extent of commisgjovaries based on the client’s
personal preferences and experience of the progseh. However, usually UFAD
systems require a larger scope of commissioningoeoed to the conventional systems
and consequently involve higher commissioning cdsis well known that the project
scope is easier and cheaper to change in the eginring of the project than fixing
errors when the system is already installed andatipg. Thus commissioning should
be performed as early as possible in order to esghanccess of the UFAD and increase
the value of the building it is going to serve.

1.1 Objective
The main objectives of this paper are as follows:

» to present HVAC commissioning activities, highligigt the most critical
techniques and features to consider when commisgjothe underfloor
ventilation system

 to give an assessment of expected UFAD performaicehe Sparebank
kvartalet office building complex in Trondheim, Ny .
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2 Methodology

This paper is focused on presentation of mostcatittechniques and features to
consider when commissioning the underfloor venttat system. Conventional
commissioning activities that are used for tradiéib ducted systems and might be
applicable for UFAD systems are also presentedhia work. The theory part is
organized splitting commissioning activities aceéogdto the different commissioning
phases, i.e. pre-design, design, construction,caadpancy and operation phases. The
literature study of the topic is based on the cdatiph of available information,
including design guidelines, standards and experiatstudies.

The on-site work at Sparebank kvartalet buildingipex was carried out between™2
April and 14" May. Due to the construction delay and problenuming at the initial
commissioning it was impossible to make evaluabbpredicted UFAD performance
based on measurements. The data to be obtainbdinase would not be reliable and
not represent the actual operating conditions awegrto the specified room control.
Therefore the assessment is entirely based on \@lteers made during the daily
building visits. The only exception are the supgiflow measurements at diffusers that
were actually carried out with system operatingha maximum design airflow rate.
Obviously for air distribution investigation moretéresting results could be obtained
while running the system at the minimum airflowerabut this was unfortunately
impossible to perform, since the system had non Ipgegrammed for this mode at that
period of time. This practical study was thereflimated to the assessment of expected
thermal environment, indoor air quality and sonseiés related to energy consumption.

The registration and measurement of customer aatish is expressed as building’'s
occupants’ satisfaction.



3 Pre-design phase commissioning

At the very beginning of the project the commissignteam needs to be established in
order to supervise and accomplish commissioningg @mmissioning team will be
consequently responsible for the coordination df gdrties involved in UFAD
execution, and for personally making alpections during the execution of the project.
The commissioning plan developed by commissiong@t members for measurement
of the effectiveness of the design and construdfmuld be accepted by the owner.

When considering UFAD systems it is very importémtdiscuss with the owner the
spatial considerations, interdisciplinary issues] the overall quality and performance
desired. According to [Beaty 2005] the followinguges should be discussed during the
pre-design phase:

Plenum contentsThis is one of the most important issues affectinmre
performance of UFAD system. Since the height ofgleum is constant and
restricted, the change in the plenum content viiéally affect performance of
UFAD. For example, putting too much cabling maytes the insufficient air
flow rate at air terminal devices. The followingesgtions should be considered:

Type of cable routing, i.e. unstructured or struetl

Plenum occupancy for piping, including plumbing, A¥, and fire
protection

Plenum occupancy for cabling, including power, algrg, and voice/data
Percentage of vertical obstruction for the piping

- Percentage of vertical obstruction for the cabling

Load characteristicslt is important to identify zones with different@pancy

density that might result in non-uniformly distrted cooling loads throughout
the space. For example, there might be a zone wpeople are more
concentrated in one area, and this would conselyulad to the additional
cooling requirement in this particular area. This supply of the conditioned
air to this area should be coordinated with theewthoor fluid dynamics and
plenum content.

Frequency and impact of chanddexibility in terms of space rearrangement is
one of the advantages of UFAD systems. Therefageatlvisable to predict for
the future changes, so that the plenum performamcedesign is not further
affected. For example, installing additional equgmtin the space will directly
affect the cooling capacity that in its turn mididve a negative impact on
system performance.



» Air tightness of the raised floor plenuffihe allowable air leakage rate should
be discussed and quantified, as well as issueseauning handling of cable
openings etc.



4 Design phase commissioning

4.1 Designreview

The design phase commissioning is the optimal toreedd the extra value to the project
without necessarily adding a large cost. The revigiwvthe structural details of
constructions, e.g. walls, floors and other potdrigakage areas, would allow simple,
but important changes to be made during design.

According to [Nelson & Stum 2006] the following &sps should be considered during
the commissioning design review of UFAD system:

Number of AHUs serving the same underfloor plendfith numerous AHUs
operating in parallel to supply air to the samenpta, attention should be
directed towards the control of variable flow damgp@/FDs). VFDs in such
cases are typically controlled by a single statespure sensor, or alternatively
by multiple sensors having averaging routine. Anotissue to consider is the
consequences of possible failure of one of AHUs.

Type of sensordlt is important to choose a sensor that could workhe
intended ranges for it. For example, pressure senswtalled in the air
highways should be suited for the higher staticspuees compared to the
general underfloor plenum sensors.

Location of temperature and pressure sensdise reading of the sensor is
directly affected by its location. For example, parature sensors might show
the false reading if placed on the walls subjettedotential leakages from the
underfloor plenum. The differential pressure semssirould be located away
from corners, supply dampers or other obstructitreg could lead to the

undesired false results.

Air highways.The farthest non-fan-powered diffusers shoulddmated at the
maximum distance of about 15 m from the end of at difi the supply air
highway. In addition, diffusers should not be lechin the high pressure areas.
Air highways itself should be airtight and not leak

Noise.The air highways should be insulated in order tuce the noise. For
the same reason diffusers should not be locatedlése to occupants.

4.2 Drawing details

Drawings of raised access floor with UFAD shouldlile details about sealing the
plenum, locations of the underfloor equipment wekpect to the floor grid, as well as
locations of all floor outlets (e.g. floor diffugrwith respect to the furniture layout etc.



Since UFAD system is structural in nature, it sdotle generally designed by
mechanical engineer together with the architectsingttural engineer. In an ideal case
commissioner should provide input both on architesdtand structural drawing details
with respect to wall joints and penetrations eis.well as on the actual UFAD system
installation.

Since air tightness plays a great role in the &utperformance of UFAD system,
especially with respect to the energy savings, c@sioner should also address sealing
requirements and techniques of the plenum, andagxpbntractors the importance of
sealing the plenum properly, following the stipathtmethods. This will allow to
perform real sealing activities early in the comstion phase with the lowest expenses,
since if performed later (e.g. after carpet inst@lifurniture moved in), it will result in
significant increase of relevant expenses and lv@limore time consuming leading to
additional problems to the owner and contractore fist with sealing requirements is
given in Appendix A.

4.3 Specifications

As mentioned before, the design and specificateguirements normally need to be
addressed by multiple parties. Therefore it is imgpa to clearly state their

responsibilities, e.g. responsibilities for sealihg plenum to avoid future failure to
maintain underfloor plenum pressure. Only throughl woordinated process it will be

possible to achieve UFAD project “on budget” ancdh “schedule”. In case one of the
parties involved feels unqualified for executionpaifrticular task, commissioning agent
needs to assign a consultant.

According to [Nelson & Stum 2006] involved partissould consider the following
specification sections:

e Quality control e Basic Mechanical Materials and
e Cleaning Methods

e Cutting and patching e Mechanical Insulation

e Joint sealers e Air Handling Equipment

e Sheet rock e Air Distribution

e Access/raised floor e Testing, Adjusting, and Balancing
e Structural steel e Basic Electrical Materials and
e Expansion joint cover assemblies Methods

e Conductors and Cables

The underfloor construction checklist is given ipp&ndix B.



5 Construction phase commissionin

Before the construction or installation phat is suggested to conduct a pnstallation
meeting in order toonce againstress the importance of propptenum sealing,
coordination of partie involved in placing te systems under the RAEBnd emptsize
the importance of cleaning.

5.1 Completeness check

Before to start functional performance testingsifiist needed to verify that the HVA
system is installed completely and in compliancahwielevant technical ules.
According to [NSEN 1259¢ 2000] the completeness check includes the follo
main activities:

» Comparison of installed HVAC system'’s equipment aocthponents with th
design specifications (installation list). Attentishould be paid to the volur
andmaterials, as well as characteristics and spats.

» Compliance with the relevant legal documents, hgilding codes, standar:
etc.

» Check of the accessibility of the system with respe the operation, cleanit
and maintenance.

» Check of the cleamless of the syste.

* Check if all documentation necessary for the opemabf the system i
available.

The completeness check includes basically submigsfiche relevant documentation
the client and initial testing other than functibrees showed i Figure 5.1.

Completeness
check

Documentation

for the client Tests

List of the agreed Documents for Separate tests of
. Inventory . .
basic concept operation and General testing system
documents ;
data maintenance components

Figure 5.1 Completeness check [IFEN 12599: 2000].

The list of the agreed basic concept data includésmation for performance ¢
system (e.g. information abothe building itself, input data in system design
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design parameters), and data for checking econefficency (e.g. energy cost, return
on investment etc.).

Inventory documents include a list with specifioag for all components of the
ventilation system (e.g. system drawings and diagja

Separate tests include testing of ventilation sgstmponents such as fans, heat
exchangers, air filters, dampers etc.

The detailed list of the documents to be deliveiedhe owner/developer, as well as
initial system tests are given in Annex A of [NS-ER599: 2000].

5.2 Functional checks

The main aim is to verify that operational capaacifythe system is in compliance with
specifications. The testing is performed to docuntlat all system components are
correctly installed and operating as intended. Tésting should start only after all
installation work has been completed and systerastatj. The detailed list with all
preliminary works to be done prior functional tagtiis given in Annex B of [NS-EN
12599: 2000]. In addition, before to start, theattists for system equipment should be
available (usually provided by product manufactsi@r contractors).

The functional testing should be performed for #&ype of installed equipment. The
extent of testing should be discussed with theigmrtvolved in advance. The level of
functional checks usually corresponds to the l@fdunctional measurements, unless
otherwise agreed.

5.3 Functional measurements
The aim is to provide documented proof that theesgsachieves the design conditions
and set points as specified in the design project.

The extent of the functional measurements is baseithie particular type of ventilation
and air conditioning system. Usually the measurémeme performed both at the
central system/appliance and room, as showed QEI®AEN 12599: 2000]:

Central system/appliance Room
e Current drawn by the motor * Supply and exhaust airflow
 Air flow (outdoor, supply, and < Supply air temperature and air
exhaust air) temperature in the room
e Air temperature (outdoor, supply, < Air humidity
and exhaust air) * Sound pressure level
* Pressure drop at filter * Indoor air velocity

The technical documents should include measuriogtions, measuring instruments as
well as measuring procedures. At least one measpomt is required per room area of
up to 20 mi; larger areas should be subdivided accordinglye feasurements should
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be carried out in the occupied zone, as well dserareas where the worst conditions to
be expected, e.g. close to the external walls andows.

The measurement instruments should be chosen @sgect to the tolerances given in
Table 5.1.

Table 5.1: Allowed uncertainties of measuremenapeters [NS-EN 12599: 2000].

Parameter Uncertainty
Air flow rate, each individual roo + 20%
Air flow rate, each system + 15%
Supply air temperature +2°C
Relative humidity [RH] + 15% RH
Air velocity in the occupied zone +0.05 m/s
Air temperatur in the occupied zoi +1.5°C
A-weighted sound pressure level in the n + 3 dB(A)

The values specified in Table 5.1 include deviagitmom the designed values and all
measurement mistakes.

The indoor climate factors and airflow rates, asl we other design data should be
measured at the design air flow rate of ventilatigstem.

5.3.1 Measuring methods and devices

5.3.1.1 Air flow rate
According to [NS-EN 12599: 2000] the measuremeritsaio flow rate can be
performed:

* In the duct cross section

« With throttle devices

* In the cross section of a chamber or device
« At the air terminal devices

The air flow rate is usually calculated from theasmerements of the air velocity and
corresponding cross-section. Since the air velowtyarely uniform, it should be
measured at the number of locations in the crossoseand then the average value
calculated that will be consequently used for deteation of the air flow rate.

The results from the airflow measurements as fgr @her measurements should be
clearly presented in a signed protocol. According[Malmstrom et al. 2002] the
following information should be included in the fwool:

» Data describing the plant, project, reference nurabd date for the measuring.

» System measured and location of the probe or imstnd.

* Instruments used (their number or any other detimgmahat will enable their
identification in case for example of any disputes.
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The measured data.

Notes or factors that might have affected the nreastesult.

Calculated probable measurement error (deviatiom fihe stated value).
Signature of the responsible person for measurement

5.3.1.2 Air temperature

The air temperature can be measured with variopsstyof thermometers such as
expansion thermometers, electrical thermometerdfa@rhomanometers. The principle
is to measure the variation of one property (eeggths of solids, volumes of liquids,
electrical resistance and electromotive force) thainge with temperature.

Precaution should be directed to the following:

Reduction of the effect of radiation (coming froot &r cold surfaces)Since the
environment is almost always inhomogeneous, i.th different surface and air
temperatures it is needed to shield the temperarnsor from any influences of
thermal radiation in order to measure the actualt&nperature in order to
minimize measuring errors. Otherwise the measurenveifi reflect the
intermediate value between the air and mean ratkamperatures. The reduction
of the effect of thermal radiation on the probe baraccomplished by one of the
methods mentioned in [NS-EN ISO 7726: 2001]:

- Reduction of the emission factor of the sensors™ain be achieved by
polishing or covering the sensor with the refleetpaint.

- Reduction in the difference in temperature betwé®m sensor and
adjacent walls. Since it is impossible to changeperature of walls, the
reflective screens (e.g. made of aluminum) mightrtstalled between
the sensor and enclosure. In case of reflectiveessr alone, i.e. without
forced ventilation, the gap between screens andoseshould be large
enough to allow for air circulation inside [NS-ENQ® 7726: 2001].

- Increasing the coefficient of heat transfer by @wation (between sensor
and air). This can be achieved by increasing therelocity around the
sensor, e.g. by means of mechanical or electrieatilators, and by
reduction in the sensor size.

Thermal inertial of the sensorThe air temperature cannot be measured
instantaneously, and therefore the measurementdsheumade after 1.5 times
the response time (90%) has elapsed.

The air temperature measuring instruments shouldbbte to measure in the range of
10°C to 40°C. The required accuracy is + 0.5°C Jevtesirable is £ 0.2°C [NS-EN ISO
7726: 2001].
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5.3.1.3 Mean radiant temperature

“The mean radiant temperature (MRT) is theoreticaifarm temperature of an
enclosure in which an occupant would exchange éimesamount of radiant heat as in
the actual non-uniform environmé&niThe mean radiant temperature is usually used to
determine the effect of thermal radiation on pessbeat balance.

The MRT can be measured with the black globe therater, based on the
simultaneous readings of the globe temperature tfftemperature and velocity of air
surrounding the globe. However, this method gively an approximate value of MRT
and accuracy varies greatly based on the type w®fre@mment being considered
(precautions should be taken in heterogeneous amaents) and the accuracy of
sensors used. It is suggested to use an ellipbaidesl sensor instead of the spherical
shape, since it gives a better approximation tohhman body (both standing and
seated). According to [NS-EN ISO 7726: 2001] thecouracy of measurement of MRT
temperature can be as high as + 5°C for measuremesriducted in moderate
environments, while the required accuracy by steh@ga+ 2°C. The desirable accuracy
is +0.2°C.

The mean radiant temperature is more frequentiguéated from the measurements of
the surrounding surface temperatures and the $iteese surfaces and their position in
relation to a person. By this method the MRT cawrdleulated using equation (5.1).

T =TFy g + TSFy 4+ -+ TyFy_y 6.

Where: T — mean radiant temperature [K]
Tn — surface temperature of surface N [K]
Fp-n — angle factor between a person and surface N [-]

The angle factors describe the person’s locatidh waspect to the other surfaces and
data on angle factors can be found from tablesagrdms given in [NS-EN I1SO 7726:
2001].

If there is a small difference between surface temajpres of enclose, equation (5.1)
can be simplified to the linear equation (5.2).

TT = Tle—l + Tsz_Z + -+ TNFp—N (52)
The descriptions of other, less frequently used¢hods for measurement of MRT such
as calculation of MRT from plane radiant tempemtuneasuring method using two
sphere radiometer or constant air temperature seasm given in [NS-EN ISO 7726:
2001].
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5.3.1.4 The operative temperature
The operative temperature is defined as the unitemperature of surrounding air and
surfaces, which results in the same heat losseaaditual environment.

When measuring the operative temperature direttly,relation between radiant and
convective heat loss coefficient should be the samor person, i.e. sensors radiation
properties should be similar to those of the cldsechan body. The air velocity is the
key parameter affecting the optimal diameter ofglesor that is usually around 0.04 to
0.1 m [NS-EN ISO 7726: 2001]. Similar precautiossd@ direct measurement of mean
radiant temperature with the black globe thermomsteuld be taken into account, i.e.
shape and color of the globe, number of sensordbetoused especially in non
homogenous environments etc. [NS-EN ISO 7726: 2001]

The operative temperature can be also calculatsddoan the measurements of the
mean radiant temperature and air temperature.ntbea calculated according to the
equation (5.3).

t, = At + (1 = A)t,
(5.3)
Where: — the operative temperature [°C]
t,— the air temperature [°C]
t, — the mean radiant temperature [°C]
A - Factor in accordance to the relative air velo¢i]. The values for A are
given in Table 5.2.

Table 5.2: Determination of “A” values [NS-EN ISGZ6: 2001].

Var [M/S] <0.2 0.2100.6 0.6t 1.0

Al 0.5 0.6 0.7

In many buildings the difference between the aingerature tand the mean radiant
temperature,tis small, i.e. < 4°C, and relative air velocity 4s0.2 m/s. Thus the
operative temperature can be calculated as the malae of air and mean radiant
temperature.

In addition to equation (5.3) the operative tempes can be also calculated with
equation (5.4).

/10, + 8,
1+ /101,

(5.4)

Where:y, — is the air velocity [m/s]
t, — the mean radiant temperature [°C]

5.3.1.5 Air velocity
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The air velocity determines the heat transfer bypveation and evaporation at the
position of a person. The airflow is generally tdnt, and therefore the air velocity is
defined by its magnitude and direction at the paléir measuring point. Therefore
measuring instruments should be not only senstbovihe direction of the airflow and

velocity fluctuations, but also be possible to abta mean velocity and a standard
deviation of the velocity over a certain measupegod.

In order to obtain the accurate air velocity measants the following issues should be
considered [NS-EN ISO 7726: 2001]:

* The calibration of the instrument.

* The response time of the sensor and instrumentnidesuring instrument that
has a long response time will not be able to meafat velocity fluctuations.

* The measuring period. The longer measuring peritico& required to measure
the air velocity in an airflow with a high turbulem intensity and low frequency
of the velocity compared to the measurements of aimbow with a low
turbulence intensity and a high frequency of thieaigy fluctuations.

The air velocity in a space can be measured witardnt types of anemometers such as
vane and cup anemometer, hot wire anemometer,-dagpgier anemometer etc. that
might be sensitive or insensitive to the directidrthe airflow. The main direction of
the airflow can be determined by smoke tests. Theedocity measuring instruments
should be able to measure in the range of 0.05nfs.IThe required accuracy is * (0.05
+ 0.05 ) m/s, while desired % (0.02 + 0.09) vn/s [NS-EN ISO 7726: 2001].

The most frequently used type of anemometer isotie with the hot sphere sensor.
Similarly like all other heated sensors for velpaiteasurements, it is based on the heat
transfer between a hot solid and ambient air. Tihabould typically have two sensors
for measurement of temperature of hot element amuent air. Some instruments have
only one temperature sensor for measuring the teanhpe of the hot solid, and thus
they can be used only at the air temperature theg been calibrated.

Since the air velocity at any point fluctuatesimd, it is recommended to record these
velocity fluctuations. The airflow can be describasl the mean velocity, measuring
during the certain interval of time, and by standaeviation of the velocity, that can be
calculated by equation (5.5).

n—1

1 < (5.5)
SD = (Va, — Va)?
2

The turbulence intensity has an impact on drafsagons, and can be defined as the
standard deviation of the air velocity divided e tmean velocity, and is usually
expressed in percentage, as showed in (5.6).
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T =22 100
= (5.6)

Where:TU — turbulence intensity [%)]
V,— mean air velocity [m/s]
SD - standard deviation of air velocity

5.3.1.6 Surface temperature

Surface temperature is temperature of a given seirfand is primarily used to evaluate
the radiant heat exchange of the human body. Iitiaddt might be also used for
evaluation of the effect of direct contact betwéeman body and given surface. The
surface temperatures can be measured with corftaohometers, where sensors are
placed in direct contact with the surface of inserélowever, since this method is based
on the heat exchange between the surface and tisersesurfaces with low thermal
conductivity may lead to the false measurementsitider method is the use of thermal
radiation meters (with infrared sensors) by whicé tadiant heal flux is measured and
consequently converted to a temperature [NS-EN1325: 2001].

According to [NS-EN ISO 7726: 2001] surface tempees measuring instruments
should be able to measure in a range of 0°C to 5UP@ required accuracy is + 1°C,
while desirable is + 0.5°C.

5.4 Specific UFAD tests
5.4.1 Air leakage test (underfloor plenum)

5.4.1.1 Leakage classes

The air leakage is one of the most common probletaed to UFAD systems with
pressurized supply air plenums. In some documetdsds, where the air leakage tests
were performed, the total plenum leakage ratesecfiggm 30-200% of design airflow
rates at plenum static pressures of 17 Pa [GupWad®bds 2007]. Generally one can
distinguish between two primary types of leakagemfra pressurized underfloor
plenum, i.e. category 1 leaks or general constiockeaks, and category 2 leaks or
product leaks.

5.4.1.1.1 Category 1 - Construction quality leakage
This type of leakage is referred to leaks from ufider plenum to the other building
cavities (see Figure 5.2).
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Figure 5.2: Construction quality leakage [Baumaal e2008].

This leakage might result in air passing throughl eavities, columns etc. to the return
plenum above or below. The air might be also remydiack to the conditioned space,
or in the worst case directly to the outside of thlding. When this leakage rate is
very high it might result in the insufficient amduof air left for space cooling under
high load conditions. In any case, in spite ofdhgount of air leakage, it is causing the
waste of energy, including thermodynamic energydusecondition the air, and fan
energy to deliver the air through the system. Adddlly, if this air leaks to the
plenums with surface temperature lower than supgly dew point temperature,
condensation occurs, consequently leading to pledeterioration and mould and
bacteria growth on plenum surfaces. Therefore iteiyy important to ensure that the
edge details around the floor plenum, includinguttiral and internal walls, pipe
chases, cables etc. are well sealed.

This type of leaks will be most difficult to locaa@d fix later in the project, and thus the
preventive and remedy actions should be taken eatlfthe construction phase.
According to [Bauman 2003] the leakage losses e8Q% can occur in most cases with
pressurized plenums, depending on quality of canstn, while generally only 3% is
considered as acceptable according to GSA guide]B8A 2005].

5.4.1.1.2 Category 2 - Floor leakage

This type of leakage is referred as a leakage fr@mrplenum through the raised access
floor into the conditioned space. These leaks Wgwalcur at the floor panel seams and
edge closures, electric power connection and oséetice units, communications and

data service units, as showed in Figure 5.3.
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Figure 5.3: Floor leakage [Bauman et al. 2008].

The electrical and data floor boxes are initialgsidned for RAF applications without

UFAD systems and this explains potentially largekbge rate through these devices,
i.e. approximately 5-7 I/s per device at 25 Pa [G®A5]. The diffusers (even closed)
might leak to the similar extent as units for plagsf power, data and communications.
Therefore it is suggested for designer to coordingith the product manufacturers,

requiring maximum acceptable leakage rate in tleeifipations.

The category 2 leakage rate depends mainly on deed floor panel type and
installation, carpet tile installation and pressdifference across the plenum. Even
though pressure in the plenum is usually very logv,in a range of 12.5-25.0 Pa, still
the air leakage is an important issue to consideresthe surface for leakage is very
large. Bauman [Bauman 2003] has performed an expetal study investigating the
air leakage through gaps between floor panels witferent tile configuration and
found out surprisingly high magnitude of air lea&ags indicated in Table 5.3.

Table 5.3: Air leakage between gaps through fl@orgts [Bauman 2003].

Air leakage [L/(s-nT)]

None Aligned Offset
Plenum Pressure [~ —" = = =
[Pa] I I
i ——— |
12.5 (measure 3.5 0.1
25.0 (estimate! 4.C 0.2C

As it can be seen in Table 5.3 the carpet playsrgrortant role in reducing the air
leakage between the floor panels. Placing floastas in offset type could reduce the
air leakage rate by more than 10 times compar#uetaligned carpet tiles.

Compared to the category 1 leakage, the floor Igaks not necessarily detrimental to
the system operation. On the opposite, under ceracumstances it might even
improve the performance. However, if the leakage ia high, or it occurs at the
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undesired place, e.g. close to occupant, it mighate comfort problems, especially
draught complaints. It may also affect the tempeeastratification, reducing the ability
of control system to maintain the desired room terafure set point, and consequently
occupant comfort.

5.4.1.2 Air leakage criteria

So far the actual impact of the leakages on theggnese and comfort is not

documented, and therefore it is hard to establigtichv leakage rates might be
considered as acceptable. However, U.S. Generalc8srAdministration (GSA) has

addressed this question based on their previousriexge of numerous accomplished
UFAD projects in US, setting up their own criteigat UFAD plenums, showed in Table

5.4.

Table 5.4: GSA Air Leakage Criteria for UFAD PlensifGSA 2005].

Test X Air leakage Category 1
Category 1 + Category 2
Mock-up 0.54 |/s per frifloor area 0.11 I/s pernfloor area
Building floor 0.54 I/s per r* floor are: 0.11 /s per r* floor aree
plenums or or

10% of the design supply ai 3% of the design supply air
flow rate, whichever value is| flow rate, whichever value is
smaller smaller

The air leakage values specified in Table 5.4 spwad to the plenum design static
pressure of 17.5 Pa.

According to [GSA 2005] it is a good approximatitm use maximum 10% of the

design supply airflow rate as the reference panttie total plenum leakage. [Nelson &
Stum 2007] have reported the air leakage rate sf lan 20% as acceptable,
emphasizing the importance of taking into consitlenathe accuracy of air flow

measurements, that are typically within £ 10% o #ctual value. In some other
sources, it is also suggested that air leakage sfadeld not exceed more than the
minimum VAV airflow [Filler 2004].

5.4.1.3 Underfloor leakage test procedures

In order to avoid previously mentioned detrimemfiécts of air leakage on the system
performance, the underfloor plenums should be tngitty leak tested and approved by
commissioning agent and/or other parties assigmethis task.

Before to start testing it is first required to ifethat the airflow to the zone is delivered
and accurately measured over the range of desirBowarates. In practice one can
distinguish between two primary methods of air\cly:

e Building’s air handling unit (AHU).In order to accurately record the airflow
entering the plenum zone to be tested, the instalieflow sensors must be
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calibrated (e.g. using a hot wire, pitot tube trage calibrated fan method or
other relevant methods). In case AHU serves meltgpbnes, each zone of
interest must be isolated, so that accurate airflogasurement can be done
[Bauman et al. 2008].

» Contractor provided blower panel assembly.this method the separate fan or
few fans are installed to blow air directly to thienum via one or more floor
panels removed or fitted for this purpose. Thishodtrequires all plenum inlets
from AHU to be tightly sealed. The advantage of tlmethod is that the supply
air volume delivered to the particular zone by faas be more easily controlled
and accurately recorded, since usually blower passémbly has its own high
guality sensors [Bauman et al. 2008].

Air leakage testing should be performed in both kapcand permanent construction
phase.

5.4.1.3.1 Mockup test - prior to permanent construction

The mockup test should be performed before the tagri®n of any permanent
building pressurized plenum systems. The main dithis test is to determine the air
leakage rates at two specific static pressureshwhre representative of design and
operation conditions, i.e. 17.5 and 25 Pa [GSA 200bis static pressure test includes
procedures to separately determine the Categongl Category 2 leakage rates.

The mockup of the system to be tested might bavoftypes:

* On-site i.e. part of the actual installation. This is thest commonly used way
of mockup since it represents the actual constrncéind there is no need to
assign resources for creation of the additionalptanAccording to [GSA 2005]
the size of the on-site mockup should corresporat feast two structural bays
of the building. Typically tests are performed 80 to 360 i of UFAD
installation area [Gupta & Woods 2007].

» Off-sitg i.e. separate structure. According to [GSA 20@%¢ size of this
mockup should not be less than about 0 m

In any case, i.e. whether on-site or off-site, theckup should include all planned
plenum components, penetrations, seams and opeiiirngssuggested to conduct this
mockup test by the same craftsmen, or at leasate the same foreman, that will be
further involved in inspecting and testing of thatiee building’s UFAD installation.
Generally the mockup test forms kind of a basetafdard for further evaluation and
testing of UFAD performance.

As a testing method the fan pressurization tesbeansed that is basically adapted from
the test used to measure the air tightness of ibgilénvelope. The test procedure
includes the controlled pressurization and depresgion of the finite volume with the
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use of fans as indicated in the name of this metfidet test generally includes the
following main steps [GSA 2005]:

» All diffusers and grilles should be fully closed.

* The air is basically blown into an underfloor plemuncreasing the pressure to
a preset value (17.5 and 25.0 Pa) in the plenum &ecording to [Bauman et al
2008] it is not needed to limit the static presstakies to two, i.e. 17.5 and 25.0
Pa. Since it is quite easy to vary the plenum piressand airflows, it is possible
to develop a characteristic airflow vs pressureaéiqn, from which the air
leakage then can be extrapolated to different press

» After steady state condition is achieved, i.e.istptessure do not vary more
than = 1.2 Pa for all measuring locations, the mesb static pressure and
airflow rate needed to induce this pressure isroEmb for six times at uniform
intervals of about 10 minutes.

» The average value of these airflow rates is themsidered as the total air
leakage rate (sum of category 1 and category 2atgakates).

* In order to find out category 1 leakage rate thmesgprocedures should be
repeated after having properly sealed all floorgbaamd edge joints, supply air
diffusers etc. The difference between the averagd and category 1 leakage
rates will then represent the category 2 leakatge ra

» The found leakage rates should then be comparddtiét allowed values (e.qg.
see Table 5.4). If the uncontrolled leakage is high, the potential leakage
points should be found and corrected, and thusetideage testing repeated once
again.

* The results and lessons learned in this test shioaldistributed to all trades
involved in the UFAD plenum construction, as wedl the other parties
responsible for project inspection and approval.

Step by step procedures of the mockup testing rdedleoeloped by GSA are given in
Appendix C [GSA 2005].

5.4.1.3.2 Building floor plenum tests during construction

Similarly like with the mockup test, the aim ofgHest is to verify that UFAD plenum

was constructed and sealed in accordance withgtrspecifications and drawings, and
meets specified air leakage requirements. Howdhes,test method compared to the
mockup test is not intended to measure separatelyCategory 1 and Category 2 air
leakage rates, since it is almost practically insgae to seal completely Category 2
leakage pathways after the construction is comghlete

The air leakage test should be carried out befoeeinitial occupancy, but after the
substantial construction completion, i.e. aftertafimg all mechanical and electrical
devices, equipment, cables etc. in the plenum,poiar to installation of furniture,

equipment, etc. that might be damaged from testatiyities.
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Since the air to the plenum is now supplied with #ictual AHU, it is first required to
verify that the capacity of AHU will be sufficietd maintain the design air flow rate at
design static pressure of plenum. This dynamidlaiv test with a minimal effort will
allow identifying the potential major problems (eexcessive air leakage, undersized
AHU). The test generally includes the following maieps [GSA 2005]:

» All diffusers and grilles should be adjusted asc#p= in design documents.

* The AHU should be adjusted to provide the desigeakp air flow rate.
[Bauman et al. 2008] suggests performing this rigstinder normal operating
conditions, since the peak conditions occur only dovery small fraction of
time.

* The steady state condition should be achieved. oo to [GSA 2005] the
static pressure measurements should be carriedoowtach 90 m with an
interval of about 5 minutes. The static pressumikhnot vary more than + 1.2
Pa at each measuring location. However, [Baumah &008] suggests to have
an interval of about 15 seconds between pressaridngs, since the pressure is
varying rapidly in the plenum (within seconds), aitdis impractical and
unnecessary to wait 5 minutes before to make nedsorement. In addition,
[Bauman et al. 2008] states that there is no needeasure pressure at each 90
m?, it is enough to measure at 35( nsince static pressure is generally
uniformly distributed within the underfloor plenummless there are major flow
obstructions.

» After steady state condition is achieved the awflto maintain the specified
static pressure in the plenum should be recorded. (gy installed flow
monitoring device). The measured air flow is thempared with the reading of
the airflow rate at the AHU itself. If the differe@ between measured and design
air flow, as well as static pressure values is witt0%, the leakage testing can
start following the same procedures as for moclagpirig (see step 5to 7 in
Appendix B). Otherwise the sources of discrepanstezuld be identified and
tests procedures repeated until 10% criteria iseael.

Test step by step procedures suggested by [GSA 200%jiven in Appendix D.

According to [Filler 2004] this leakage test shobkl conducted every few years, and
after space and consequent UFAD reconfiguration.

5.4.1.4 Air leakage detection

The methods used for detecting the air leakageFHALJsystems are basically the same
used for air leakage site detection in buildingedopes. The most common practices
are to use the smoke test and infrared scanniegnféd imaging).

5.4.1.4.1 Smoke Test
The main purpose of the smoke test is to locatelegikage paths, and it can be
conducted both during the mockup testing and fompaent system tests. In the latter
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case it should be conducted during unoccupied geridsually the “theatrical” smoke
generator (non-toxic) is used, as showed in Fig§ute

Figure 5.4: “Theatrical” smoke induction into fardt [Gupta & Woods 2007].

This method is based on the pressure differentedss the plenum. The plenum is
pressurized either by the separate fan or by mecdlasystem in the building, i.e.
AHU. Since the plenum is pressurized, the smokeetraource is moved over the
interior of the plenum, and thus the air exfiltoatithrough the air leakage sites will
draw the smoke from tracer source to the site,aliguevealing its location [ASTM
2009].

5.4.1.4.2 Thermal imaging

Using thermal imaging for the raised access flg@tesn applications it is possible to

find the air leakage pathways in a non destructray. \When using this method, it is

possible to obtain documented images of the akalga paths by creating temperature
difference between the plenum and floor above. fhieemal imaging testing is best to

be performed operating the system in the coolingenthat is the AHU or separate fan
is supplying cool air to the plenum, in order todadarger temperature gradient between
the supply and room temperature. After few minutis, air leakages can be easily
found using an infrared camera, as showed in FiflFe

Figure 5.5: Air leakage through RAF constructior{idorfer Engineers 2010].
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In the image on the left, the leakage occurs grdmttween the joint of the RAF system
and the perimeter wall. On the right, the maineakage pathways are around the floor
tile edge closures.

The images can be ideally used to compare the tbefod after” scenarios, i.e. when
the leakage paths were identified, the accorditigras of sealing the construction were
taken, and another thermal image would documengetheorrections and possible
improvement or failure achieved. The main advantafgihermal imaging is the rapid

surveying capability, covering large areas. Theicllp specifications for infrared

equipment can be found in [ISO 6781: 1983].

5.4.2 Duct air leakage test

Since the air from the AHU to the underfloor plenissupplied through the ducted air
distribution system, it is necessary to perform direleakage testing of the supply air
ducts. The requirements and test methods for leakagessment are the same as for
any other ducted (sheet metal) ventilation syst@na, are specified in [NS-EN 12237:
2003] for circular sheet metal ducts and in [NS-E37: 2006] for sheet metal air ducts
with rectangular section. However, in fact the laakage testing procedures given in
these standards are basically the same for ciranldrectangular ducts.

The requirements for air tightness should be sgeciell before the installation of the
ducts and clearly stated in contract documentsrdaup to the relevant standards. It is
important that these requirements are not onlysgtalso actually tested in order to
ensure that desired quality of ductwork is provided

5.4.2.1 Requirements
In order to assess air tightness of the ductsaithieakage factor is used. It is defined as
leakage flow rate per unit of duct surface areahasvn in equation (5.7):

qV
f=7 (5.7)

Where:qV — air leakage flow rate of the ductwork @iven test pressure fs]
A — surface area of the ductworkjm

The maximum permitted air leakage factor for thetdwrk is given in Table 5.5 .
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Table 5.5: Ductwork classification [NS-EN 1507: 800

Air Air leakage limit Static gauge pressure limits (ps) Pa
tightness (Frm) m3/§ er i Negative at all Positive at pressure class
class max P pressure classes 1 2 3
) 0.65
A | 0027 Pres 03 200 400
: 0.65
B | %007 P 500 400 | 1000 | 2000
) 0.65
c | MO Pl 750 400 | 1000 | 2000
: 0.65
D | H00 P 750 400 | 1000 | 2000

The leakage factor should be lower than the akaga limit specified for one of the air

tightness classes. In case the air leakage rate riwiemeet any of stipulated values in
Table 5.5, depending on its class, ducts will himvbe sealed and retested. Additional
requirement of retesting is set in [Eurovent 1996],retest ductwork together with

additional 10% of the circular ducts and 20% of thetangular ductwork, unless the
system meets specified air leakage criteria. Thisadd additional expenses for the

contractors and therefore in order to avoid exggegting costs the work should be
carried out correctly from the very beginning.

5.4.2.2 Testing

Before to start testing the section of interestusthde sealed off from the rest of the
system. The sample of testing should include theresentative variety of duct

dimensions and fittings, for example, at least A %f straight ducts. The ductwork

surface area should be as large as 10% of thedotivork surface area, preferably at
least 10 [NS-EN 1507: 2006].

The test pressure should not exceed the desigratomgerpressure, and should be
maintained within + 5% of the specified value fomfutes.

If the testing is performed under conditions ottiem standard (20°C and 101325 Pa)
the measured leakage rate should be correcteddatgdo equation (5.8).

293 p
Ameasured 273+t 101325 (5.8)

qV =

5.4.2.3 Measurement accuracy requirements

All the measuring instruments should be calibratefbre to start the measurement.
This is usually done in accordance with the martufac specifications or relevant
standards, if applicable. The requirements forl@irfmeasurements are specified in
[ISO 5221: 1984]. The largest allowable uncertaiiotymeasurement of airflow rate is
2.5% of reading or maximum 0.00001%/sn
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5.4.2.4 Leakage test report
According to [NS-EN 1507: 2006] the air leakagear¢should include the following
general data:

« Date and place of test

» Test personnel and witnesses

» Test equipment, including pressuring means and un@asinstruments

» Air temperature and barometric pressure duringeke

» Building or project reference

» Design of installed ductwork

* Required air tightness class and design operatiegspre of the installed
ductwork

* Installer of ductwork

» Manufacturer of ductwork

The test report should include specific air leaksgting information as showed below
[NS-EN 1507: 2006]:

Measured values Calculated values
» Ductwork surface area * Leakage factor
* Total joint length * Air leakage limit (see Table
e Test pressure 5.5.

 Leakage flow rate corrected for °
temperature and barometric pressure, if * Table 5.5)
needed

5.4.3 Supply air temperature measurements - Thermal decay

Effectiveness of the underfloor air distributiors®m depends greatly on the following
thermal processes occurring within the plenum andosnding thermal masses
[Bauman 2003]:

» Heat transfer between the slab and the plenum air

» Heat transfer between the floor panels and theupheair

» Variations in plenum air temperature with distatrewelled through the plenum
* Thermal storage performance of the slab and flaoejs.

In order to achieve effective air distribution hretspace and also to avoid the loss of air
cooling ability, it is needed to limit the amourittemperature variation usually referred
as a thermal decay in the plenum. The schematiti®temperature increase or thermal
decay of the underfloor plenum is shown in Figu 5
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Figure 5.6: Thermal decay in an underfloor plen&alman 2003].

The potential risk zones are diffusers locatedh&st away from the plenum inlet.

Initially supply air entering the plenum is coolpvever, by travelling through the

plenum it warms up due to the heat transfer betvikerplenum air and floor panels
above and concrete slab below. For typical slabp&ratures and airflow rates, the
temperature increase is approximately 0.1 to Or&Glowever, it depends greatly on
the configuration of the underfloor plenum, e.ge thumber and location of plenum
inlets, the temperature difference between theupferir and floor panels and concrete
slab etc. [Bauman 2003].

As a rule of thumb, the supply air temperature khowt exceed 2°C from the time it
enters the underfloor plenum until it is dischargedthe space through the furthest
diffuser [Filler 2004]. If the greater thermal dgcaccurs, it should be solved, for
example, by adding additional plenum inlets orhaghways, however this additional
ductwork would greatly increase the system expengherefore this thermal decay
factor should be considered early in the desigrs@lia order to prevent further system
(plenum) reconfigurations and consequent expereditur

As a rule of thumb, many experienced UFAD desigreeslimiting the distance from
the plenum inlet to the furthest diffuser to ab&bt— 18 m, when having pressurized
plenum designs. The temperature increase can bdimited by the system operating
in the nighttime pre-cooling mode, i.e. using ceterslab thermal storage properties. In
addition, if the measurements at different diffgs@éndicate the temperature non
uniformity, it is very easy to fix it by installinthe plenum inlet vanes that would more
uniformly spread the airflow across the entire prariBauman 2003].

The supply air temperature can be measured usitigoaie described in chapter 5.3.1.2.

5.5 Operations and maintenance documents

The project closeout phase includes the preparatidhe necessary documentation of
the performance test results, including also inftion of what was encountered during
the design, construction and functional testing,wesl as changes implemented to
achieve the design intent. After the project haanbeompleted the owner and/or facility
manager should be provided with key documents aidktines for further operation of
the system, as well as complete set of all drawimgduding the grid system with
location of all UFAD components and controls. Ivery important to keep up-to-date
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record on all system changes implemented. Thereforis suggested to keep the
drawings in electronic format, so that in case ahange it is much easier to specify
modifications.

According to [GSA 2005] the following issues shouddd considered with respect to
operation and maintenance documents:

* Monitoring and supervision of changes to systenweuthe floor.For example,
when the wiring has been removed, any consequesniogs in the walls or
floor of the plenum should be completely sealed.

» Periodic cleaning of plenunThe cleaning should be performed on regular basis.
Additional cleaning should be done, when panelsraneoved for maintenance
and repair.

e Training and supervision of O&M personnétesponsible persons should be
informed about relocation of all floor outlets, appriate cleaning methods and
handling and protecting the floor panels, especiathen removed and/or
replaced.

* Relocation of diffusers, grilles and other devicetlets in case of space
rearrangementThe original integrity of plenum should be maintd through
the whole life cycle of the building.

» Removal of panels for service or replacem@iie panels to be removed as well
as adjacent panels should be examined in termsyoflamage, especially at the
edges.

* Maintenance (repair or replacement) of floor pandlaie to deformation the
panels might not meet tightly. In addition the daedges might be lost, so that
openings occur between the panels.

» Procedures for cutting openings in the floor panes well as their
corresponding maintenance, e.g. sealing edges, etc.

» Leakage testdn order to ensure the design pressure, the additiair leakage
testing should be carried out, when space recoraign area exceeds 23¢.m

According to [GSA 2005] it is suggested to extehd tvarranty period of maintaining
the system for a minimum of 5 years, after the wutiml completion of the project in
order to ensure continuous and successful perfaenafh UFAD system. It is also
recommended to notify the responsible emergengyoreters, especially fire fighters
about the presence of RAF with UFAD in the buildirsp that they are aware of
proceeding with special caution in these areasage of fire event.

5.6 Training of building occupants and 0&M personnel

After completion of the commissioning process usugkeople who performed the

commissioning are the only ones familiar with tlggtem operation. Therefore, even if

the verification was well documented, it is stilkeded to ensure communication

between commissioning agent and operating and aiaing personnel of the building.

The training of the maintenance personnel is vargartant in achieving the optimal
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performance and operation of the UFAD system. Tpperating personnel should have
all the applicable service manuals regarding theratpn and maintenance of the
systems, and it is also suggested that commisgjaaient educates them and explains
all the details. The special attention should bed ga the control of the room
temperature stratification and its impact on comfiéiller 2004].

The building occupants should be also informed albloel special features of UFAD
system and its potential benefits, including comfdndoor air quality, energy
efficiency and flexibility. The responsible persshould also show the locations of
room thermostats and sensors and explain how tothesa. Moreover, the contact
information of responsible person should be pravide case of occupants comfort
complaints and other relevant issues [Filler 2004].
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6 Occupancy and operations phase commissioning

6.1 Air temperature stratification test

Promoting and maintaining room air stratificatienoff critical importance in achieving
the successful design and operation of UFAD systéhe primary objective is to
minimize the energy use, while maintaining highdadair quality and comfort in the
occupied zone. The air stratification in the zoae be described as a function of supply
air temperature and flow rate, heat loads, numbertgpe of diffusers installed, and
whether the zone environment is interior or peramet

Testing of room air distribution should be perfodmboth in winter and summer
periods, and during the fully load (or close todfnditions, i.e. the building should
have been already operated for a few weeks. Thaome to ensure that all thermal
loads are in equilibrium with the daily operatiof twilding. [Montgomery 2009]
suggests to perform temperature stratification gdst before initial occupancy and
before plug loads are active, but this in its tuwwmould lead to not very drastic
temperature stratification and in any case thereldvbe need to repeat this test after the
full occupancy.

6.1.1 Measurement locations

According to [NS-EN 12599: 2000] at least one measent point is required per 20

m? of floor area. The measurement locations shouldHuesen in representative areas,
i.e. in the occupied zone close to the occupantsjmapotentially problematic locations

where the worst conditions to be expected (e.gpenmeter zones). In addition, the
locations of measurements should be adjusted te hhout 0.6-0.9 m clearance from
the nearest diffuser, so that the stratificatioofifgs would represent the conditions in
the space outside the direct influence of diffuspiebster et al. 2002b]. The

temperature stratification test is usually donehwifie stratification-measurement tree
that consists of a string with several sensors tagng the temperature from floor to

ceiling. Table 6.1 shows the standard measuringht®ior the physical quantities of an
environment.

Table 6.1: Measuring heights for the physical gii@st[EN ISO 7726: 2001].

Locations of the sensors - _Recommended heights [m] .
Sitting Standing

Head level 11 1.7

Abdomen level 0.€ 1.1

Ankle level 0.1 0.1

Values given in Table 6.1 represent some of thet im@ssitive locations of the human
body with respect to the thermal comfort conditioHewever, measuring heights can
vary widely depending mostly on the height of tle®m to be tested and extent of
information pursued.
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Besides direct measurement of occupied zone temyperavith thermometers, the
temperature stratification can be also studiedgugifrared thermography method that
provides visualization of the temperature in thacgp However, a great care should be
paid when using this measurement technique atehenpter zones affected by heating
systems, windows etc. In such areas there is aredsed risk of measurement
inaccuracy due to the rapidly varying thermal loads

6.1.2 Sensor accuracy

The temperature readings of sensors vary greatlyromms with different air
stratification. In highly stratified rooms the teerpture gradient can be to extent of few
degrees, while in rooms with more uniform tempemdlistribution it might be as less
as fraction of degree. Therefore in order to exantlme room air stratification more
accurately, it is necessary to consider even tradl ghfferences in sensor calibration.

According to [NS-EN ISO 7726: 2001] the air tempera measuring instruments
should be able to measure in a range of 10°C t€ 48id have an accuracy of at least +
0.5°C, while £ 0.2°C is considered as desirable.

6.1.3 Criteria

When using conventional air distribution systemsezthermostat set-point temperature
is usually kept between 22 to 24°C (cooling appixes). Having the same set-point for
UFAD system in many cases results in too low tempees in the occupied zones
caused by extensive stratification, especiallyhatgeak loads [Webster et al. 2002a]. In
such cases, it is generally suggested to incrdasehtrmostat set point by 1 to 2°C
above desired, average occupied zone temperatucgder to avoid uncomfortable

thermal environment for building occupants. Thisuldo also reduce the required

airflow rate, consequently leading to fan energyiregs.

However, it is important to keep in balance aiaftication in the space with comfort
considerations. Permissible vertical air tempesaigradient, measured between head
and ankles (0.1 and 1.1 m above floor level) foe¢hcategories of thermal environment
is given in Table 6.2).

Table 6.2: Permissible vertical air temperaturaligmst [NS-EN ISO 7730: 2006].

Category Air temperature
difference [°C]
A <2
B <3
C <4

According to Table 6.2 the temperature gradientukhmot exceed 4°C in order to
comply with the standard, corresponding to the pasinissible category C.

In case temperature gradient is too high or too fawher adjustments should be
implemented, for example, adjusting thermostapsatts, plenum pressures, and/or the
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number of diffusers. Some potential reasons fauffitgent stratification might be too
high underfloor pressure and/or supply air tempeeaf\Wwebster & Bauman 2006].

6.2 Subjective evaluation of UFAD system performance

6.2.1 Occupant surveys

Building occupants are a rich source of informationbuilding performance, including
information about indoor environmental quality aitel effect on comfort, health and
productivity. Therefore occupant survey can be abtwsed as a “tool” to assist in the
commissioning and finally in the operation of UFARstem, as well as for diagnostic
of problems. Even though occupant surveys increéaeecommissioning scope by
adding extra activities to be carried out during Warranty phase, it still suggested to
perform at least the basic survey on general wadglissues and occupant comfort
[Nelson & Stum 2006].

There are mainly three types of occupant survegssiph & Stum 2006]:

* On-line surveyThe most preferable and common one. The main aggans a
minimum effort of collecting and processing the ajagspecially if statistical
software is further used.

» Hard copy surveyThrough this survey the same results as for thinersurvey
might be achieved, but it would require much mdiferesince it is very time
consuming and expensive process to create, digdrilbmd analyze paper
guestionnaires. In addition, it takes longer timedccupants to complete them.

* Suggestion boxThis questioning method addresses only small péarall
occupants, basically people with the issues.

When carrying out surveys it is important to expl@eople the importance of their
active participation. In addition it should be ateentioned that these surveys are going
to be voluntary and anonymous [Webster et al. 2D02c

According to [NS-EN 15251: 2007] the questionnaist®uld be completed during
middle morning or middle afternoon, and not straigfter the arrival or lunch break.
When processing the data, results need to be pesseas average values and/or
distributions.

According to [NS-EN ISO 10551: 2001] one can digtiish between five primary types
of subjective judgment scales for evaluation of timfluence of the thermal
environment, listed in Table 6.3.
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Table 6.3: Subjective judgments for assessmeritesfrial environment [NS-EN ISO 10551:

2001].
Type of Wording/Description Examples
judgment
1 7 or 9 degrees from very (or extremely) .
Perceptual COLD to very (or extremely) HOT Thermal sensation
, 4 or 5 degrees, from COMFORTABLE
2 | Affective i
evaluation to very (or extremely) Thermal environment
UNCOMFORTABLE
3 | Thermal 7 (or 3) degrees, from (much) COLDEF{’referred temperature
change
preference | to (much) WARMER .
Preferred air movement
4 Personal | 2 degrees, GENERALLY
acceptabilit| ACCEPTABLE, GENERALLY Temperature acceptability
y UNACCEPTABLE
5 | Personal | 5 degrees from perfectly TOLERABLE
tolerance | to INTOLERABLE

The first three can be referred to the personahthestate and the latter ones to the
thermal ambience, i.e. assessment in terms of tawep or rejection. Please note that
the questions should be posed in the sequence mivieable 6.4

Table 6.4. Examples of possible scales used istmumaires are given in Appendix E.

Some examples of aspects to be addressed in od@ypaays with respect to UFAD
and building are given below:

Workspace and spatial layout Floor diffusers

» Personal workspace » Diffuser location and

» Building itself settings

» Space for work and * Individual control
storage * Cleanliness

» Ease of interaction * Noise
with co workers e Drafts

* Furnishings » Aesthetics/how it looks

* Cleanliness and * Interferes with the chair

maintenance

people walking

rolling or in the way of

Thermal comfort Lighting Acoustics
e Temperature * Visual * Sound
in the privacy privacy
workspace » Light levels
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In US it is very common to use the 7 point satiséerc scale that ranges from “very
satisfied” to “very dissatisfied”, as showed in lig 6.1.

VewEahsﬂed@l » o allale & & l‘ﬁ\.ﬁewDissallsﬂed

Figure 6.1: Occupant satisfaction rating scale [Stetbet al. 2002c].

[Zagreus et al. 2004] has developed occupant aatish questionnaire with respect to
7 different environmental categories and 2 questapout overall satisfaction with the
building and personal workspace:

Different environmental categori Overall satisfactio

» Office layout * Overall satisfaction with the
» Office furnishings building

* Thermal comfort » Overall satisfaction with

« Air quality workspace

» Lighting

e Acoustics
» Cleaning and maintenance

However, occupants are also provided with the pdigito express the other issues,
for example, which were not included in the disitddl questionnaire, making
comments at a “general comments” section at the adnithe survey. The preferred
response rate for this questionnaire is at leat fEagreus et al. 2004].

6.2.2 System operator survey

The 7 point satisfaction scale (see Figure 6.1) lbaralso used to obtain operators
feedback about operation of UFAD. The questions marmlivided into following two
categories, taking into account problematic isspexific for UFAD systems:

» Operators perception as the seriousness to the UBsilks related to UFAD
system operation.

« UFAD comparison to conventional buildings from agers perspective and
based on their experience.

[Bauman et al. 2008] have studied operators’ feekllma system performance asking
the following questions about different issuesteelao UFAD:

1. “Based on your knowledge of how the UFAD systembsen operating, how
the occupants have been responded on average amdeyperience in other
Non-UFAD/conventional buildings, how much bettervaorse is this UFAD
building than conventional buildings with respezthe following?”

- Hot and cold complaints

- Air quality

- Energy use

- Problems with zone equipment
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- Automatic temperature controls categories
- Effort and cost in maintenance

- Changing tenant space

- Occupant control

- Overall performance of UFAD system

2. “Based on your experience with this building, iratie how serious of a problem
the following have been in terms of interruptionsoperations, cost, occupant
comfort, etc.”

- Dust and dirt in the underfloor plenum

- Supply air leakage

- Temperature stratification

- Moisture related problems

- Underfloor air distribution and temperature decay
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7 Miscellaneous

7.1 C(Cleaning

7.1.1 Underfloor plenum

Cleaning and maintenance of the UFAD plenum isiatudor indoor air quality and
mechanical devices installed in the plenum sucWAY dampers, thermo-regulators
etc. According to [SBE 2006] it is recommended &f@rm cleaning activities of the
UFAD plenum in the following sequence:

1. Cleaning prior to setting RAF paneldn order to avoid dust and dirt
accumulation in the future plenum construction, R#&F panels should not be
installed until the space is entirely closed frome toutside or from adjacent
spaces that might have been affected by externaiesm conditions or any
building construction works itself. After pedestalss mounted the concrete
floor should be cleaned, including some additioaa¢a around the floor
construction. The cleaning procedures should irelsmeeping of the concrete
slab, scraping it of mud if any, and finally vacuomit with a pleated filtered
vacuum with a brush-ended tool consisting of sHorg and dense bristles. In
addition, the floor slab must be treated with ati-amcrobial agent prior to floor
installation in order to prevent the microbial gtbwn the underfloor plenum
[Bauman 2003]. However, according to [SBE 20063 fleicommendation might
not be considered necessary, since the underfleoum is made of concrete,
and even if having the some dirt it is not reathpd for mold. The area to be
cleaned should correspond to the area to be cowdgthdganels not longer than
in the following two days.

2. Cleaning during RAF panel installatiomuring this phase, all dust or debris
generating work, e.g. cutting the panels etc. shda carried out outside the
room where the panels are going to be installedtkéfte should vacuum any
dust and debris on the floor accumulated when linggathe panels. During the
panel installation the owner or its representatovgether with the contractor
should make a visual observation of the plenumntieess for each 90 and
consequently document its approval or rejectionsedmtion is usually made
from the open end of the floor section, and theeetbere is no need to lift the
floor panels.

3. Cleaning after RAF panel installation and beforepet. Until the carpet is laid,
the floor panel joints should be taped, or therflsbould be covered with the
paper or plastic to avoid dust or dirt transpotbithe plenum. This covering
should be also kept relatively clean. Workers apetantial pollution source and
therefore in case they access the plenum, i.e.venme floor panels; it's needed
to vacuum any dust, dirt etc. before to close therf This cleaning should be
always applied, whenever the RAF plenum is accessed
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4. Cleaning after carpet installatioilhe owner or its representative together with
the contractor once again performs the visual cluiddke plenum cleanliness.
For this reason, up to one panel should be lifedeivery 45 i The floor
should be as clean as in earlier checkups. Ifthetadditional cleaning should
be performed by contractor.

Even though after the completion of installationRAF, the plenum is appropriately
sealed and cleaned, over the time it may becom&wmmated with dust, mould or
bacteria, moisture, even with vermin and other nete The major source of dirt in the
plenum is the supply air itself and thus a gretgrgion should be paid to the frequent
and on time replacement of air filters. The florum can get dirty also because of the
workers, who access the floor, e.g. for repairs aetud through floor diffusers that have
poorly fitting or malfunctioning dirt baskets. Tleéore the visual inspection of
cleanliness of UFAD plenum should be carried outregular basis in order to ensure
good indoor air quality, as well as to verify thagterials and devices installed in
plenum are not damaged. The cleaning should bédaout by people with relevant
knowledge of such “construction” cleaning, sincemuim has extensive cabling and
different mechanical devices, and thus has somgedarof electricity.

7.1.2 Ventilation ducts
The cleaning of ventilation ducts should be perfedndue to the following main

reasons:

* Function. The airflow can be restricted due to the pollwafthis will result in
the rise of pressure drop and consequently deateaisBbow rate. Attention
should be especially paid to the wet rooms, whiaehsmall duct dimensions.
Since the air removed from such spaces is usualynmand humid, the extract
ducts will have wet surfaces that are good plaae different particles to
accumulate on.

» Fire risk. The ducts can become coated with combustible famits that might
create even fires or explosions. This is especigblglicable for specific rooms
such as extraction systems in kitchen ranges difefeht industrial processes.
The ducts should be cleaned regularly based orethgrements of national fire
prevention regulations.

» Health. Pollutants having impact on human health. Theydiricts can impair
the quality of the supplied air that in its turngimi lead to the SBS.

The ducts should be cleaned at all steps of iasi@atl starting from delivery to the site
until the system is put in operation. The ductsuthde closed at the ends with tight
fitting covers typically made of plastic or cardbtaln case the ducts are not protected
and are object to pollution, the system should leared before the first time of its
operation.
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The need for cleaning is usually determined byvikeal inspection. This can be done
either by using the TV inspection equipment suctca®eras mounted on remotely
controlled robots, or manually and visually by gsifor example, torches and mirrors,
that are inserted in the ducts through the inspedtatches.

The most commonly used methods for duct cleanieg dry cleaning, wet cleaning,
disinfection, encapsulation, and removal of insafatinings.

7.2 Airflow and flow balancing

The airflows to different spaces/zones should beefadly measured, adjusted and
controlled to comply with stipulated design valu@fie balancing of the system is
usually accomplished by one of the following metstod

* The proportionality method
* The pre-set method

7.2.1 The proportionality method

In the proportionality method the air dampers aglsters in the system are adjusted to
deliver the same proportion of the design airfldlis means that relation between the
airflow in branch ducts will be the same in spitdte airflow change in the main duct.
The measurement of the absolute value of the wirfl® not necessary, since this
method is based on the relative data, e.g. aicitgland pressure.

The balancing starts with the setting all damperd eegisters to fully open position.
The reference register R, i.e. register locatethést downstream, is determined. The
starting point of balancing is the register that tiee lowest ratio between measured and
design air flow (QeasurelQuesign- Any register other than reference register “RVing
lower ratio will be assigned as Index registerieTeference register R is then adjusted
to have the same ratio as the index register. Hmepér position of the index register
remains fully open after the adjustment. This pdoce of adjusting the dampers in
registers should be repeated until all registenge the same ratio of measured and
design airflow.

This method is used not only to balance the aiw flat the registers, but also for
adjustment of duct branches and main ducts.

This is the most commonly used method despite bdmg consuming, costly and
requiring skilled personnel.

7.2.2 The pre-set method
According to [Malmstrom et al. 2002] the pre-settioel has the following
requirements:

» The pressure drop calculation is available ancdget on the manufacturer data.
* The set values of all dampers and registers aruleé¢d and specified on the
drawings.
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e All ductwork components are installed in accordanggh the building
specification.

* The actual installation of the system correspondié design drawing.

After these requirements have been fulfilled thé&aheing can start, and this method

will be fast and accurate. All dampers and registae set corresponding to the values
given in building specifications, and as showedliawings. The measurement of the
airflow at registers should correspond to the desiglues. Otherwise, the previously

mentioned requirements should be rechecked anddatawork restarted.

Even though this method is fast, reliable and edfgctive, it is not very commonly
used in practice. This can be explained with thed fiaat usually significant alterations
from the initial design exist in the actual insaitbn case.
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8 Field study - Sparebank 1 building complex

8.1 Project background

8.1.1 Project description and design intentions

SpareBank kvartalet was designed to be a high medace, environmentally
responsible and aesthetically appealing office aachmercial building complex in
Trondheim, Norway. One of the primary objectivedtod design team was to meet the
net energy consumption less than 100 and 145 kWyh/for office and commercial
spaces respectively. This is significantly lessitBapulated in a Norsk Standard 3031,
i.e. 165 and 240 kWh/fyr for typical office and commercial buildings [N$031:
2007]. Consequently, SpareBank building’s energyopmance could comply with the
category A in the European energy efficiency cesdtion system [NS-EN 15217:
2007], and it would also become one of the mostgnefficient buildings in Norway
[Teknisk Ukeblad 2009].

The project scope included a complete renovatiorthef older bank building and
basements (7617 3 and a raise of a new adjacent office building4@0 nf) for
SpareBank 1 headquarters and other companiesiae B.1).
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Figure 8.1: SpareBank 1 kvartalet, East exposugedf Arkitekter 2009].

As it can be seen in Figure 8.1 SpareBank 1 bugldiomplex consists of new six
blocks (A to F), and an older bank building, i.eadk G. New blocks are connected to
each other by atriums, with the exception of blodkand B, which have an overhead
bridge above the passage for public between Apoteka and Sgndre gate.

Project description, including main building chaeaistics is given in Table 8.1
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Table 8.1: Project description.

Iltems Contents
Location City center of Trondheim, Norw.
Size Five stories
Total floor area 20017 ffrom which 7617 rhretrofitted
Building use Corporate offices of SpareBank 1 and other comganie
Ground floor retalil
Occupancy Designed to beypically occupied Monde-Friday, ¢am to 5 pr
Designed to accommodate 25-30 people per floarffines)
Completion October 2010
Occupants moving in November/December 2010

The construction process had started in Octobe8 20 it is planned to complete the
building in October 2010, with employees movingNovember/December 2010. The
building complex is privately owned by Sparebantkdt will entirely occupy the older
bank building and blocks A to D, and rest of thechkk leasing to other companies. The
ground floor is going to accommodate stores ancaerottervices aimed for general
public.

The main project team members are listed in Talde 8

Table 8.2: Development team.

Role Company
Owner/Developer SpareBank 1
Architect Agraff AS
Building engineering consultancy Myklebust AS
Electro engineering consultancy COWI AS

Sanitary, heating and ventilation engineering COWI AS
consultancy

Building contractor Teknobygg Entreprengr /
Mechanical contractor YIT AS
Energy consultancy SINTEF Byggforsk/NTNL

The project team consists of Norway’s most reverggineering companies. The energy
consultancy services were provided by Sintef ByggktNTNU.

One of the main principles implemented to keep gneonsumption low was the well
insulated and air tight building envelope. The tui is of precast concrete panel
construction (external wall overall U-value 0.13m9K), with the glazing (U-value 0.7
W/m?K and G-value 0.5) covering 70/50/30/30% of theaf area in floors 1 to 4,
respectively. All main windows have an externalasahading system made of solar
screen fabrics. Shading system automatically aslpasthanges in daylight based on the
data received by the rooftop weather station, whiekides solar radiation collects also
temperature, humidity, wind speed and wind directidormation.
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The interior layout in all four floors is analogidar each new block, as indicated in
Figure 8.2.

Meeting rooms Services

vl LR ZL L Ll

T
— -
i
1

Silence rooms

Figure 8.2: ¥ floor plan [Agraff Arkitekter 2009].

Inside, the building is mainly open plan with theeting rooms on the west perimeter.
Services, i.e. hygiene rooms, as well as the teahmooms for mechanical equipment
are also concentrated in the western area of ttle fé@or. During the project progress,
some changes were made to tHefl6or of block F, which in addition has meetingdan

private office rooms on the northern perimeter.

The architectural rendering of the main floor imgers given in Figure 8.3.

Figure 8.3: Main floor interior [Agraff Arkitekte2009].

Walls and ceiling are painted white. Ceiling is opeavith the suspended lines of
sprinklers and fluorescent lighting fixtures. Thengral lighting system is controlled by
a combination of the daylight and occupancy sengtash workstation is also going to
be equipped with the task lights that are contdbléther by manual switches or
automatically by occupancy sensors. The illuminaioe) level of 500 Ix should be

maintained in meeting rooms, while 300 Ix at thekstations, and 200 Ix in corridors.
Sound absorbing system consists of acoustic walkailing panels made of fiberglass.

During the mechanical process cooling of the dafatrals located in basement U2,
large amount of heat is released that is furthiéized in the building, as indicated in
Figure 8.4.
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Figure 8.4: Waste heat use [Hasfjord 2008].

Building complex has both the low (50/30°C) andhh{§0/60°C) temperature heating
systems. Building’s low-temperature hydronic hegtiiystem is installed only in blocks
E and F, and primarily uses waste heat from tha asims as a heat source. The heat is
distributed to the space via a two pipe radiatstesy. The radiators are located along
the eastern and western outer walls of all newksloand along the northern wall in
block F. The waste heat from process cooling of dabms is also used to heat the
ventilation air, as well as for melting the snowtbe pavement around the building. If
needed, the supplementary heat for the previouglgtioned purposes is provided by
Trondheim Energi Fjernvarme Company owning theridisheating grid in the city.
The district heating central was dimensioned ireotd cover the entire heating energy
need of the building, including also the hot wagepply and operation of hydronic air
curtains for entrances in blocks A and B (from badssage) and block G (from
Kongens gt).

Since the windows are not openable, the buildintyedyp relies on the operation of
balanced mechanical ventilation system that in td@se is used to meet both the
requirements for good air quality and thermal camfae. providing also comfort
cooling. The installation of the raised accessrfl(RAF) for cable management also
affected the choice of the underfloor air distribntsystem to be used in the office
layout in all four floors, except the technical amghjienic rooms. This type of system
has the air distribution principle similar to dispément ventilation, enabling to achieve
high ventilation efficiency. The ground floor rdtdias a conventional overhead air
distribution system which is designed to operata V.

In case of fire the ventilation system will continto supply sufficient amount of air in
order to keep the escape route for people freenoke. The smoke will be removed
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through atrium based on so called stack effectdmnong the lower (above the entrance
doors in atriums) and upper level smoke ventilatmmenings. The results from
building’s fire simulation showed that smoke miglailect under the ceiling of atrium
approximately at the entire level of the last flobherefore the air outlets of'4loor in
case of fire are going to be closed in order togmé smoke penetration inside the floor.
In addition, the return air damper to the AHU viiél also closed to avoid the mixing of
the smoke with the supply air at the AHU.

The control and monitoring of HVAC systems in althimig is accomplished by use of
an advanced Web based building automation systeMA® that provides scheduling,
trend logging, and energy management capabilisesell as system and maintenance
alarms.

The summary of key energy saving strategies imptgetein the building is given in
Appendix F.

8.1.2 Underfloor air distribution system characteristics

8.1.2.1 Design intent

Sparebank 1 wanted a state of the art solutionvtleald combine the desire for high
energy efficiency with the high quality indoor chie. Initially, two solutions, i.e.
KlimaTak and UFAD were proposed and further exawhinsing ESP-r, an advanced
modeling tool for simulation of building’s performee. UFAD was chosen due to the
greater energy savings and improved aesthetiose sive need of an overhead plenum
was also eliminated. The potential benefit of UFA&Yyarding possible future space
reconfigurations (associated with reduced churrts§osas also discussed; however
generally played a minor role in choosing this ipatar system for space conditioning.

8.1.2.2 Design/configuration

UFAD system is installed in floors 1 to 4 of theanklocks, serving approximately 90%
of the entire floor area. The design configurai@analogous for all floors that each has
five independently controlled HVAC zones, as intkchin Figure 8.5.
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Figure 8.5: HVAC zones o %floor, Block C.

Zoning is achieved by partitioning the underflorum with walls. Zones 1 to 3 serve
the west perimeter spaces, mainly the meeting roantszones 4 and 5 — the open plan
office layout, including the silence rooms. Duethe space reconfiguration in th& 5
floor, it was decided to have 6 separate thermaéganstead of 5.

The underfloor air distribution system details asllvas chosen products are given in
Table 8.3.

Table 8.3: Underfloor air distribution system distai

Iltems Contents
Plenum height 500 mm
Raised access floor 600 mm Interfact
Gypsum fiber core panel
Structural slab 200 mm
Diffuser type Trox swirl diffuser, Type FB
System type Variable Air Volume (VAV)
Supply air temperature 18°C nominal temperature
Air handling unit Swegon GolRX (21000 n’/h)
Rotating heat exchanger (temperature efficiency)79%o

The underfloor plenum has a height of 50 cm angsed to route the electrical cabling
to the various distribution junction boxes and liert to the workstation, and also
serving as an air plenum for delivering conditiormé&dto the occupied zones. The grid
of pedestals mounted (glued) to the concrete digpats the RAF made of gypsum
fibers. Pedestals are spaced based on the fleosizié of 0.6 x 0.6 m, supporting four
corners of each tile. Floor panels are covered glitled down 0.5 m square carpet tiles
aligned in a non-coincident layout with the floor.
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In order to minimize possible water damage to capliwiring and UFAD devices,
UFAD plenums should be protected from water accatian in the plenum, e.g. caused
by leaks from joints in the slabs and walls, floddsm sprinkler discharge or other
accidents, and also condensation. However, in theept case no moisture detection
and drainage system is installed in the underfid@num.

Smoke sensors are installed on plenum surfaces@nthunicate with the BAS that in
case of a fire accident in the plenum will shut @ié ventilation system. Underfloor
plenum does not have its own fire extinguishment. (gorinkler) system.

The swirl type Trox diffusers are used all rounc tbffice space, including the
kitchenette area. Even though UFAD is unique withfeature of giving occupants
some control over their microenvironment, in thesent case occupants do not have
any individual control, since the floor diffuserg aontrolled automatically.

The configuration of installed UFAD system is showririgure 8.6.
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Figure 8.6: UFAD system configuration [Wachenfeldt Hgseggen 2008].

The outdoor air is conditioned at the AHUs locasgdthe technical rooms at the

rooftop; each AHU is serving its own block. The tilation air is heated up to about

16°C using primarily the waste heat from the datamrs (supply/return temperatures at

the heating coil are 50/30°C). During the coolingripd, chilled water of 9°C is
supplied to the cooling coil of an AHU. The condiited air passing through the
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ventilation shaft is further delivered to the plemof each floor by means of five main
supply air ducts each serving particular HVAC zdsee Figure 8.5). As mentioned
before, block F is slightly different, having 6 theal zones served by 5 main supply
ducts. The supply air volume delivered to each isgpazone is controlled by a VAV

damper. The air is then supplied to the space ¢irdbe floor mounted passive swirl
diffusers, since UFAD system is configured as hgarpressurized plenum.

The polluted air from the meeting rooms is remof¥iest into corridors through its
“local” extract system consisting of a sound atstou and a ventilation grille. The
contaminated air from the private offices is renmtbwéa the ventilation grilles located
above the doors. This extract air (from meeting pridate office rooms) together with
the contaminated air from the open plan office epacfurther extracted into atriums
through the large slot openings in the walls nkardeiling level (see Figure 8.5 for the
location of the air outlets). The extract air isnreturned back to the AHU (for the heat
recovery purposes) through two return grilles ledatlose to roof level in atriums, with
the exception of block F that has only one retuith he service rooms such as toilets
and copy rooms have their own local exhaust system.

During the nighttime ventilation system is opergtim a free cooling mode using
thermal storage properties of the concrete slale. ddol outdoor air is brought to the
underfloor plenum in order to cool the slab ovelnhigo that lower air flow rates can be
used on the following day to meet cooling demants Btrategy allows reducing the
demand for mechanical cooling for at least pathefday.

8.1.2.3 Operation

The air is supplied at variable air volume and tamsair temperature of about 17-
18°C. The balanced mechanical ventilation systesafaV control, i.e. ventilation air
flow rate is controlled by the actual needs ofghace. As an indicator for DCV system,
the CQ and temperature sensors are used in conditiorsespn order to monitor and
consequently recognize when the occupied zoneeiguadely ventilated.

The extract ventilation from copy rooms and toiisteperating as CAV.

The calculation of the building’s ventilation aoW rate that is of two components,
namely people and building, is given in Table 8.4 .

45



Table 8.4: The calculated and design ventilatiofioav rates [Hasfjord 2008].

Calculated Designed
=

= "(-'U'Oo aq— —_ _;O(\I - & = &
Type of O O =g 2 il 2o = FR ® g E T g £
— [ c = — = o o
space s & 658 |55, E28| EC3 | §EC%
= 8 = D ngg_ = 2 EQ_ EEQ_
S S oo |B90S > < E3Zc £ 3c
L = S50 |go = 29€E s E £
2oz |82 cg=| = &)= =

[} ==
Open office 8 70 10 6.75 10 15
Meeting r. 2 ' 16.2 13 20

The calculation of the ventilation rate is basedtlo& methodology given in [NS-EN
15251: 2007]. The new blocks of Sparebank 1 carobsidered as low polluting, since
the low emitting building materials and equipmerg ased throughout the building.
The total calculated minimum required ventilatidn feow rate is 6.75 and 16.2 ¥
per nf of the floor area for the open plan office space meeting rooms respectively.
The designed indoor environmental input paramédterthe entire building are given in
Appendix G.

Table 8.5 shows the UFAD set point values as veedlystem operation schematic.

Table 8.5: Desired set point values and under§getem operation schematic.

Operative temperature | Max CO: 000000000000000000000000
Type of [°C] conc. )
s Summer Winter above the R
pace 3
Min | Max | Min | max | ©utdoor
[ppm]
Open ity
ofﬁce 21 25 20 24 500 ©00000000000000000000000 B
Meeting | »1 | 25| 20| 24| 500
room

The ventilation system in each zone can operatieree different modes: night, passive
and active ventilation mode.

Night ventilation mode During the specified hours (based on clients needs
ventilation system is generally closed. During $henmertime when the cooling energy
need is high the system operates in the free apofiade, if the outdoor temperature is
low enough. During the nighttime the temperaturaliswed to deviate not more than
+4°C from the desired set-point temperature.

Passive ventilation modén order to ensure acceptable indoor air qualitgt desired
thermal comfort conditions at the beginning of therking day the system switches
from night mode to the passive mode. In this mdue temperature is allowed to
fluctuate for £ 2°C of the desired set point tenapere.
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During the working day meeting rooms are alwayst keghe passive/awaiting mode.
The responsible person manually switches to theatkeperation mode.

Active ventilation modeDuring the specified hours (based on clients neels)
temperature in the occupancy zone should corresporitie set point temperature.
During the normal occupancy hours the sensor meadhe operative temperature in
the occupied zone and the airflow rate is adjusfeid,is needed. For example, if the
temperature in the open plan office area in sumpeeiod exceeds 21°C, the airflow
rate is gradually increased from 16/mm? (at 21°C) to maximum of 15 ¥hn? (at
25°C and higher).
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8.2 Assessment of “expected” UFAD performance

8.2.1 Thermal environment
The location of floor diffusers in the open plafiad area is shown in Figure 8.7.
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Figure 8.7: Diffuser location or"4loor in block F.

As it can be seen in Figure 8.7 diffusers are Edtdtetween furniture in order to avoid
additional air obstructions. However, diffuserstlee present building are located too
close to the workstations. According to [Bauman 300t is suggested to have a
minimum distance of 1 m between diffuser and aqerén the present building (see
Figure 8.7) many diffusers are placed significamilyser than suggested distance of 1
m. As a result it can be expected that buildingupents will complain about draughts.
This problem could be eliminated if diffusers woldé manually adjustable, i.e. if
occupants would have some individual control over airflow direction etc. Since in
the present case the system was designed haviogatitally adjustable diffusers, it
will be probably needed to change location of sdlifieisers taking into consideration
occupant preferences. In case no actions regardalgcation of diffusers or
workstations will be carried out, occupants mighth@y block the diffusers with
heavier objects, e.g. books, thus not only neggtiéecting the air distribution in the
space, but possibly creating comfort problems ftrep nearby occupants having
diffusers open, since air will flow where theraismaller resistance.

The draught risk in this building may also occuredo the air leakage through the
raised access floor construction. A potential peoblspace might be the private office
room on & floor in Block F, where the same floor panels mitchenette area are
installed instead of carpeted floor panels whick ased throughout the office space
(see Figure 8.8).
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Figure 8.8: Private office od*loor.

Person will be most probably seated close to tmelaw. This area will be affected by

leakage not only from the panel joints itself, lalgdo due to the improper sealing of
joints around the column and radiator pipes. Thusight be necessary to seal the RAF
panels and its joints more properly in order taudrisk of draught.

Air leakages through the floor panels were obseratsh in the kitchenette area.
However, since this space is going to be occupmy for short time, this might not
necessarily have a negative effect on comfort délimg occupants.

According to results from energy simulation [Heseg@008], Sparebank building did
not have energy demand for space heating due tav¢lensulated building envelope,

high heat gains from people, equipment, lighting etowever, after experiencing cold
winter of 2009/2010 it was decided to install thdiators, that actually counter-played
with operation of thermostats. There are typicalp thermostats installed in the open
plan office area: one at the east wall and therathe on the wall of technical rooms.
The average value of these two is then further @@ reference point for climate
control. Since now the heating radiators are ifedadlso at the east perimeter, they will
directly affect the reading of the temperature sergiving the false reading (see Figure
8.9).

Figure 8.9: Thermostat location on the east wall.
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This however will be a problem only when heatingteyn will be in operation. The
“false” reading from thermostat will artificiallyncrease zone average temperature. As a
result it will seem that it is more warmer thanaitually is. In order to avoid this
operation conflict it was decided to switch off tini@stat on eastern wall during the
heating season. By this heating and ventilatiotesyswill be controlled only based on
one thermostat located on the wall of technicalm®oThis however might lead to
another problem: people seated farthest of thismtbstat might feel too warm.
However, this might not be a big problem, sinceallgupeople are more sensitive to
cool temperatures than warm, and do not very aftenplain of feeling too warm.

In addition it should be mentioned that thermostatsneeting rooms were initially

placed just under the ceiling, i.e. at about 2.%erght. Normally room thermostats
should be placed in the occupied zone (up to 1i8gm, depending on the activity to be
carried out, i.e. seated or standing position gfeason). During the cooling season,
having thermostats just under the ceiling will midstly cause too low temperatures in
the occupied zone, leading to occupant discomforaddition, this will also increase

the ventilation airflow rate, and thus the energgsumption.

Since the windows have very low U-value, the rilhaving downdraught is small. In
addition this risk is reduced by having the radisfast under the windows.

8.2.2 Indoor air quality

Diffusers are located with a spacing of about 1843 (see Figure 8.7). By having
more diffusers (smaller spacing distances), ibssble to achieve more even supply air
distribution in the entire floor. This was confirthedy results of supply airflow
measurements at each diffuser at tHe fibor in block F (see Appendix H for
measurements). The average supply airflow rate58a&sni/h (s is 2.08) and 45.3 fth

(o is 2.97) for zones 4 and 5 respectively. Almostghme airflow rate was obtained at
the diffusers located in potential problematic arseach as close to plenum obstructions,
furthest from the air inlet etc.

The temperature sensors in the plenum are instalfdyg in the concrete slab. The
supply air temperature is measured only at the Atfild since no temperature sensors
are installed to measure it in the plenum itselfyiil be hard to verify if supply air
temperature is in acceptable limits, i.e. in a eand 18-20°C. It is very important to
consider the thermal decay of the plenum, i.e. t¥atpre will increase with the
distance from the plenum air inlet. As discussedhapter 5.4.3. supply air temperature
increases by approximately 0.1 to 0.3°C/m. For ghesent design layout this might
result in temperature increase of about 1.5-4.3°@iffusers located farthest from the
plenum air inlets. The higher supply air tempereguat diffusers will directly affect the
air stratification in the room, minimizing the adwageous buoyant flow air pattern
typical for UFAD. Thus the conditions in the spadé be similar to the ones achieved
by mixing ventilation, i.e. more or less even tenapere and pollution distribution in
the space, lowering the ventilation efficiency. fidfere it is very important to actually
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perform the air stratification testing in the spdoneorder to achieve better indoor
climate.

The cleanliness of any ventilation system is ofical importance in achieving good
indoor air quality in a space. During the commiesig process it was found that the
underfloor plenum was not clean enough, as showé&tgure 8.10.

Figure 8.10: Dust and dirt in the underfloor plenum

It can be clearly seen in Figure 8.10 that the tffa® plenum contains dust and other
construction debris, even though the plenum wasallyi cleaned after carpet
installation. The reason for this extensive dirgimibe the unsealed openings in walls
through which the dust and other pollutants mosbably were blown throughout the
entire plenum. Another source of dirt in the plenwas the floor panels opened for
accessing the VAV units.

The dirty plenum possesses a great risk of supplygheady polluted air into the
occupied zone. This would impair the indoor airlguaignificantly affecting not only
health, comfort and well-being of building occugariut also productivity. Dust in the
plenum could also negatively affect operation othanical devices in the plenum, e.g.
electronics of volume control dampers.

During the inspection of the plenum it was alsonithat plenum contains the organic
matter in a form of pressed wood board, as showédgure 8.11.
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Figure 8.11: Pressed wood board panels suppotsgadiator valves.

Since the plenum does not have any moisture detesiistem installed, the possible
water leaks, e.g. from plumbing, and also condémsatould lead to mould growth on
plenum surfaces. In addition, the quality of camdtion, in this case laying the fire
insulation around the supply duct is not very g¢seke Figure 8.12).

Figure 8.12: Fire insulation of supply ducts on 5tie floor.

As it can be seen in Figure 8.12 ducts are instilaféh the mineral wool, but the ends
of insulation are not closed. Since the plenunsidufor air delivery, with time mineral
wool fibers will be aired out, and most likely alssach zone of occupancy. Mineral
wool fibers could cause allergenic reactions to esarh building occupants. Besides
affecting negatively the indoor air quality, thisifing” would also impair the
functionality of insulation.

8.2.3 Energy consumption

The measurement of slab temperature is necessanmyigbt cooling operation mode,
which uses advantage of slab’s thermal storageeptieg. However, without measuring
the supply air temperature in the plenum, all bigmedf night cooling might not be
achieved.
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During the building visits it was found that undedr plenum was not sealed properly
(see Figure 8.13).

Figure 8.13: Potential air leakage pathways.

The air leaking to the place other than occupiedezi causing waste of energy,
including thermodynamic energy used to conditiandir, and fan energy to deliver the
air through the system. Thus it is very importamtehsure that plenum is properly
sealed and air leakage rate minimized.

In all office blocks the same AHU is serving botte tconventional overhead mixing
ventilation system on ground floor retail and UFAD floors 1 to 4. These two systems
have different operating conditions: the supply gjemature for COH system is usually
in a range of 13-14°C, while UFAD systems requi&2D°C. This might lead to
increased energy consumption for cooling. For examwhen there is a moderate
cooling need, the AHU will have to cool down tengtere for conventional overhead
system, while UFAD actually does not require sudbvasupply air temperature. Thus
it would be generally better not to have the sam#JAserving conventional overhead
system and UFAD.
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9 Conclusions

UFAD systems are non-standard and unique and tireref special attention is needed
to some issues and situations specific only for DHAstallations, e.g. coordination of
the raised access floor, carpet and furnishingapégature stratification etc. Some of
the most critical tests to be performed in commisisig of UFAD systems, are the air
leakage and air stratification testing. In ordeathieve successful operation of UFAD
the active participation of all involved partiesg.earchitects, interior designers, HVAC
designers, contractors etc. is needed since thg beginning of the project.
Commissioning of UFAD just requires a disciplinetrustured approach and
commitment from all participants involved.

In the Sparebank kvartalet no plenum air leakagéng was performed. During the
building visits it was found that plenum was noogerly sealed, and therefore there
might be a high risk of energy waste. Trying tol ke plenum after laying down the
carpet is also very difficult and time consuming.

Generally a relatively uniform air distribution waktained in the entire floor. However,
some of the diffusers were located too close temtal workspaces. This might lead to
local discomfort complaints due to draught and dfere it will probably needed to

relocate the diffusers after the initial occupancy.

Even though the plenum was initially cleaned, iit stmained dirty, possibly because
of the unsealed openings in the plenum. This msginificantly impair the indoor air
quality and have also negative effects on mechhd®aces installed in the plenum.

The easier commissioning and better performanc&AD in Sparebank kvartalet
could actually be achieved in a less time consumamgl costly way if the
commissioning would start early in the pre-desigrage, with a well established
commissioning plan.
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Appendix A: Sealing requirements [Nelson & Stum 206]

e Floor area inspected and each opening to wallaar ftavities or to other spaces or
zones is verified to be appropriate and all openithgit should not be communicating
to this floor space are sealed.

e Underfloor perimeter along exterior walls and abaweconditioned space sealed
absolutely airtight (drywall or sheet metal to cate deck, vertical and horizontal
drywall joints, other penetrations). Overlappingbutting building elements are not
acceptable as a seal unless caulked.

¢ Penetrations from underfloor space into interiotlsvaealed reasonably airtight, but
still caulked (drywall to concrete deck, verticaldahorizontal drywall joints, around
duct, pipe, conduit, and cabling penetrations).

¢ Open ends of conduits in underfloor space sealédaaiulk.

e Penetrations of ducts and piping and other assemifirough the concrete subfloor or
through the raised floor are sealed.

e Floor panels butting walls aptannedto be gasketed and seal tight.

e The contractor is responsible to make the underéiwea airtight from all interior and
exterior spaces, except for penetrating ducts #hesdrs.

e The contractor shall follow the intent of the abaeguirements. The contractor shall
follow the drawing detalils.
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Appendix B: Underfloor construction checklist [Neloon & Stum 2006]

PRIOR TO SETTING PEDESTALS:

Meeting held with drywall, electrical, controls,bdimg, mechanical, sheet metal, and
general contractors, architect, and commissionidpaity to go over raised floor

protocols and sealing details.

Concrete floor sealer applied to subfloor, IF spedi

Pre-installation adhesive field test completed geecifications (set 3 pedestals in
adhesive, let cure for 30 days under 25 Ibf, apptgral load at top of pedestal,
measure force to fail adhesive bond).

PRIOR TO SETTING FLOOR PANELS:

-MISC.

All underfloor utilities and work complete (HVAC|ypmnbing, electrical, data, etc.).
Carpet glue type and method of application relatovéow much it seals panel joints
is mocked up and approved.

Underfloor air plenum dividers located and inshlies designed.

Zone and fire separations installed. Perimetervefyeair handler zone is walked to
verify it is in place and sealed.

Shut off valves, sensors, dampers, actuators, @dnuaits, filters booster fans be
located so they can be accessed later for sermiteeplacement.

Record drawings submitted showing location of siftivalves, sensors, dampers, fan
coil units, filters booster fans, controllers anthey equipment requiring future
maintenance or replacement. Submittal required rbefany panels cover these
devices.

Underfloor temperature sensors in good represgatiications away from piping that
may affect readings.

Zone thermostats installed in location to avoidftdrand allow the best available
representation of the zone temperature for control.

Leak and moisture sensors in place, as specified.

Insulation installed, as specified.

Floor drains installed, as specified.

FCU and booster fans mounted to avoid vibratiorctbnsulation installed.

Transfer ducts and extension ducting installed.

Ducts to terminal devices connected and sealedti@mampers installed.

Any piping or other assembly under the floor thatriore than 1/ 4 the floor space
depth tall and is more than 1/2 the width of a patlan underfloor zone shall be
viewed and approved by the designer.

Electrical conduit and junction boxes and wateingps mounted above the concrete
floor to allow for water to flow underneath to adt drain or at least not backup into

electrical equipment in the event of a leak.
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Piping pressure tested and passed and reports teedbmi
Underfloor motorized dampers and valves wired aedified to be functioning

properly.

-CLEANING

The area that panels are to be installed in isedias from outside (doors, windows
installed and no wall breaches).

The area that panels are to be installed in isedkiis from other areas in the building
that are not closed-in to the outside.

Prior to applying floor panels, after pedestals st sweep the concrete deck, scrape
it of mud and vacuum with a pleated filtered vacuwith a brush-ended tool. The
area cleaned shall be no more than the area plaoniee covered with panels in the
following two days.

-AIR SEALING

Floor area inspected and each opening to wallaomr ftavities or to other spaces or
zones is verified to be appropriate and all openithgt should not be communicating
to this floor space are sealed.

Underfloor perimeter along exterior walls and abaweconditioned space sealed
absolutely airtight (drywall or sheet metal to cate deck, vertical and horizontal
drywall joints, other penetrations). Overlappingbutting building elements are not
acceptable as a seal unless caulked.

Penetrations from underfloor space into interiorllsvaealed reasonably airtight
(drywall to concrete deck, vertical, and horizomtgiwall joints, other penetrations).
Open ends of conduits in underfloor space sealed.

Penetrations of ducts and piping and other assemftiirough the concrete subfloor or
through the raised floor are sealed.

Floor panels butting walls are planned to be gaskand seal tight.

DURING SETTING OF CONCRETE OR METAL FLOOR PANELS

Do not cut and trim floor panels or perform otheistdor debris generating work in
rooms where floor panels are being installed.

During installation of the concrete panels, workeage vacuumed any dust and debris
on the floor before covering more than four newt felepanel and vacuum any dust
and debris that may have accumulated under thdspdueng installation.

Within two days of any floor panels being laid, ft@or top has been vacuumed and
each concrete or metal panel joint taped or coveuigd overlapping; taped paper or
plastic to prevent dirt and dust from falling dotie joints between the panels.
Inspection. During panel installation, the owner awner representative and the
contractor have together made visual observatidnapproximately every 1,000
square feet during panel installation. Observatigiisbe made from the open end of
work (not lifting panels). Owner will approve orjeet the cleanliness of that floor
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section at that time and make visual note of teaminess or perform a “white glove
test” for later reference.

BEFORE LAYING CARPET TILES (after setting floor pais)

When workers access the under-floor after the gaaed laid, they shall vacuum up
any dust, dirt, or debris they create prior to icigghe floor and replace the paper or
plastic floor covering.

When pulling panels, workers shall replace strippe@w heads.

Floor panels butting walls and pillars are gasketed sealed tight.

Each floor box is airtight inside and sealed t@flpanel.

Penetrations into walls above are sealed.

Plenum dividers located and sealed as designed.

Junction boxes in exterior or interior walls used thermostats are sealed to prevent
air from space being pushed up past sensor.

Mark floor panels with a heavy permanent markeicatihg location of ALL valves
(with ID and tag #), drains, sensors, dampers,robpianels, and junction boxes are
under the floor.

Entire floor has been walked and any rocking patiglstened and stripped screw
heads replaced.

Carpet laid so carpet joints are offset from flpanel joints.

AFTER LAYING CARPET TILES

When workers access the under-floor after the tasgdeid, they shall vacuum up any
dust, dirt, or debris they create prior to closing floor and replacing the carpet tile.
Inspection. Contractor has walked floor with owpelowner representative and lifted
up to one panel per 500 square feet and compaeaahltiess to observations made
during floor panel installation. The floor should &s clean as the earlier observations.
Additional required under-floor cleaning complete.
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Appendix C: Air leakage test procedure for Mock-up[Bauman et al. 2008]

1. A calibrated test fan or fans should be provided which should have the capability of
supplying various airflow quantities from shutoff to 120% of the design airflow
quantity required for the zone being tested and should be driven by a variable speed
controller.

2. The test fan(s) should be installed together with a calibrated airflow test station. The
discharge duct of the test fan(s) should be connected to the plenum through an
opening by removing a floor panel and using an adhesive seal to secure a pressure
tight connection.

3. A calibrated static pressure sensor-controller should be inserted into the plenum to
control the speed of the test fan(s).

4. All floor diffusers and grilles, whether automatically or manually controlled, should
be adjusted to their fully closed design positions.

5. The test fan(s) should be operated to hold the test static pressure in the plenum at
0.07 and 0.10 in. wg. (17.5 and 25 Pa).

6. The test fan(s) should be operated for a sufficient time to establish a steady-state
static pressure within the zone being tested. Measurements should be taken at five
minute intervals in each 1000 ft2 of floor space within the zone being tested. Steady-
state should be defined by at least six contiguous sets of readings of plenum static
pressures that do not vary by more than +/- 0.005 in. wg. (1.2 Pa) for all
measurement locations.

7. After steady-state has been established, the measured static pressure (in. wg. or Pa)
and airflow rate (CFM or I/s) should be recorded for six consecutive times at uniform
intervals of approximately 10 minutes. The average value of these airflow rates
should be considered the sum of the Category 1 and Category 2 leakage and called
the X leakage.

8. With the test fan(s) off, the floor panel and eg¢gets, the supply air diffusers and the
cable floor connectors should be tightly sealedtdyying, blanking off and other
means, and steps 5 - 7 should be repeated. Thitgardsaverage value of the airflow
rates should represent the Category 1 leakage.

9. Subtracting the Category 1 leakage rate fromtheakage rate should represent the
Category 2 leakage rate.

10. The leakage rates in steps 8 and 9 should be ceaparthe allowable rates from the
table below. If the rates are found to exceed Higet values in either category,
procedures should be taken to re-inspect, detersoneces or causes of the leakage,
repair or correct, and retestepeating this process until the rates are within the
table.

11. The systemic corrections that are required for the mockup to bring it into compliance
with the test limits should be incorporated into the construction process and

procedures for the remaining pressurized plenums in the building.
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Appendix D: Air leakage test procedure during congtuction [Bauman et al.
2008]

1. The testing should be performed after the concrete surfaces of the plenum have
been sealed, and all mechanical and electrical devices, equipment, cables, racks,
diffusers, power connectors and voice/data connectors have been installed, but prior
to installation of furniture, fixtures, equipment and finishes that may be vulnerable
to damage from testing procedures.

2. The permanent air-handling system should have been installed, inspected and
successfully tested.

3. The static pressure sensing component of the BAS should have been installed and
calibrated before the test. One independent, calibrated static pressure gauge per
UFAD zone should be installed adjacent to each permanent sensor (1000 square
feet).

4. Prior to conducting the static pressure tests on the UFAD zones for air leakage, a
dynamic airflow test should be conducted. The purpose of the dynamic airflow test to
verify that the capacity of the AHU will maintain the design airflow rate at the design
static pressure of the plenum (e.g., 0.07 in. w.g. (17.5 Pa)) shown on the AHU and
Diffuser/Grille Mechanical Schedules of the Project Drawings:

a. This test should be conducted with all floor diffusers and grilles within the AHU zone
in the positions as adjusted by the TAB contractor.

b. Adjust the AHU to provide the design airflow rate shown on the Mechanical
Schedule.

c. Obtain static pressure measurements in the floor plenum at five minute intervals in
each 1000 ft2 of floor space within the zone being tested. Steady-state should be
defined by at least six contiguous sets of readings of plenum static pressures that do
not vary by more than +/- 0.005 in. wg. (1.2 Pa) at each measurement location.

d. When steady-state is achieved, measure the supply air from the AHU to the
pressurized plenum. This measurement should be obtained either by recording the
calibrated output from the installed flow-monitoring device, or by a standardized
pitot-tube traverse method.

e. Compare the measured supply airflow rate and the maintained plenum mean value
and range of static pressure with the conditions shown on the AHU and
Diffuser/Grille Mechanical Schedules.

1. If the design value of the supply airflow rate for the AHU zone is within 10% of the
value shown in the AHU Mechanical Schedule, and the maintained mean value of the
plenum static pressure measurements for the zone (see 4c, above) is within 10% of
the value shown in the Diffuser/Grille Mechanical Schedule, proceed to Step 5;

Otherwise, procedures should be taken to re-inspect, determine sources or causes of the

discrepancies, repair or correct, and retest - repeating this process until compliance with
these criteria is achieved.
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Appendix E: Examples of questionnaires [NS-EN 15252007]

How do you rate wour thermal sensation?

Hot

W arm
alightly warm
Heutral
alightly cool
Cool

Cold

Do you want the room temperature?

a) Highe

r

b) Nochange

c) Lower

How do yvou perceive the air quality?

Clearty acceptable

Just acceptable

Just unacceptable

Clearly unacceptable

How do you percerve the temperature?
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1

T Clearly acceptable

~ Just acceptable

- Just unacceptable

L Cleatly unacceptable

How do you petceive the odor intensity?

[l

- Mo odor

- Weak odor

+ Moderate odor

- Strong odor
= Wery strong odot

- Owverpoweting odot



Appendix F: Energy saving strategies [Hgseggen 2008

Energy saving concept

Description

Heating

Low U-values of the windows and external walls

Air tight building envelope

Low temperature waterborne heating system

Heat recovery from the process cooling of dataraént

Heating of the
ventilation air

High efficiency heat exchange

Hot water supply

Water saving fittings

Fans and pumps

Low pressure ventilation syst

Demand controlled ventilation

Low emitting building materials (reduce requiredfow rate)
Smoking is not allowed in a building

Low SFP (maximum 1.8 kW/a)

Occupanc and daylightmanagement lighting control syste

Lighting (reduces the energy need for lighting and cooling
summertime)
Equioment Energy efficient equipment (reduces energy needofmration
quip of equipment as well as cooling energy need in sanperiod)
Use of thermal storage properties of the floor cetecslabs
Cooling Solar shading and solar reflecting glass in windand glasg

facades

Cooling of the
ventilation air

Free cooling mode
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Appendix G: Design indoor climate parameters [Hasfprd 2008]

Sparebanken 1 midt- Operativ temperatur LUfth?St'gh( FUk:'ghE Min friskluftsmengde
norge - bag Lydtrykksniva i | forurensing
i ° ° rommet fra over

Nytt hovedkontor sommer Dag vinter | Natt 20°c| 25° Laveste Total _ Person_— tekniske uten\ilvé. ce

Min | \1aks. | MIN | paks. | MIn M:*k M:*k verdi belzzstnm belzstnln installasjoner ppm

: %rf 3 3 db(a)
o | oc | c| | °cl msl wms m*h/n? | m*¥hipers
Cellekontor 21 25 20 24 15 0,18 0,20 10 26 35 500
Kontorlandskap 21 25 2( 24 15 0,18 0,20 10 26 35 00 5
Mgterom 21 25 20 24 13 0,18 0,20 13 26 35 500
Kantine 21 25 20 24 13 0,18 0,20 13 26 40 500
Forretningslokaler 21 25 2( 24 15 0,18 0,20 13 26 40 500
Arkiv/lager 20 26 18 24 15 0,20 0,20 5 40 500
-100 n“/h

Toalett / garderobe 20 26 20 24 15 0,20 0,20 or.We 40 500
Datasentral 20 25 2( 25 40 5 500
Auditorium 20 26 20 24 15 0,20 0,20 15 26 35 500
Glas«-spalte mellon
blokker 18 15
Parkering 15 10 3
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Supply airflow measurement locations

Appendix H
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