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Figure 2. Schematic of two-zone model. Figure 3. Diagram of test room and HVAC system model.
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Figure 4. Predicted air change effectiveness, (a) Comparison with measurements at
v,/ =031 & 0.55, for o=1.
VlIV 80 o=0 ‘
04 |- 05 | 0. 0.5
o=1 i
0.2 , 0 A
0 200 400 600 1 2 3
V, (m’Mh) €
_ (b) Filter efficiency required for a specified
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of the supply flow rate. Figure 5. Predicted contaminant removal
effectiveness.

COMPARISON OF DIFFERENT METHODS OF MEASUREMENT OF
LOCAL VENTILATION PERFORMANCE

Jeff Leduc, Joe Pasztor, Richard Menzies

Respiratory Epidemiology Unit, McGill University, Canada

ABSTRACT

A major determinant of exposure of workers in modern office buildings is the micro-environment
of their worksite. This is determined by the dynamic relationship between local production of
contaminants and their removal by mechanical ventilation. For this latter phenomenon,
understanding is poor, definitions are controversial, and methods of measurement are not
standardized. We have conducted a study using different methods to assess local ventilation
performance at 28 worksites in 10 mechanically ventilated office buildings SF6 tracer gas was
released and the resultant concentrations at diffuser and respiratory zones during and afler release
were measured. The pattern of change of respiratory zone SF6 concentrations during and after
local release did not differ significantly compared to central HVAC system release, nor following
evening compared to afternoon release. Different patterns of respiratory zone SF6 concentrations
during release were seen. A "plateau” was seen at 11 sites and was associated with open area
concept worksites. This pattern of respiratory zone SF6 concentration was seen with lower
diffuser output and lower theoretical air changes per hour (ACPH), but on the other hand was
also associated with higher actual ACPH based on SF6 decay afler release ended. Actual ACPH
were very low at many sites, and varied considerably between sites. We conclude that measures of
local ventilation performance at individual worksites is feasible using local SF6 release and results
appear to be reasonably consistent and reliable. However, the relationship of these measures to
other more traditional measures such as age of air as well as the relationship to symptoms and
Jocal contaminants concentrations remain to be determined.

INTRODUCTION

In modern office buildings with sealed windows, pollutants arising from indoor sources are
generally removed by mechanical ventilation through exchange of contaminated indoor air with
outdoor air. Although the cause(s) of sick building syndrome (SBS) remains unknown, there is
widespread belief that symptoms of SBS result from increased concentrations of contaminants
because of inadequate supply of outdoor air. Despite the lack of supportive scientific evidence this
belief lead to changes in North American standards for outdoor air supply, in 1981 from 2 to 5
Lisec/person (1), and in 1989 from 5 to 9 L/sec/person (2). However in a recently completed
randomized experimental double-blind study, increases in outdoor air supply from 14 to 28
L/sec/person were not associated with reduction in symptoms considered typical of SBS (3). In
this study, there were significant differences in temperature, air velocity, and concentrations of
certain contaminants between worksites, even those on the same floors in the same buildings;
these between site differences were associated with between subject differences in symptom
reporting (3).

The major determinants of the concentrations of contaminants at a worksile are the rate of
production from local sources, and the rate of removal by the ventilation system. There has been
considerable investigation into factors associated with local contaminant production, but the
factors affecting contaminant removal remain poorly understood. Investigation of this
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phenomenon is complex, as it usually requires tracer gas release and measurement (4,5), and there
is no consensus regarding the definition, nor methods of measurement. We planned to use tracer
gas techniques to characterize the performance of the ventilation system in removal of
contaminants, from the worksites of workers with symptoms typical of SBS, and malched
controls. To address a number of methodological questions, we first conducted a pilot study
comparing three methods of estimating local ventilation system performance, at 28 worksites.

MATERIALS AND METIIODS:

Sites and Buildings: The pilot was conducted in 10 mechanically ventilated buildings. Two lo
three sites served by the same branch line of the supply air of one ventilation system within each
building were selected. Sites were selected to provide a representative sample of the types of
offices, and HVAC systems, found in these buildings,

Tracer gas release: To minimize potential building occupant concerns, we planned to release
tracer gas afler 6:00pm, and locally into or pre mixing box in the branch supply air duct serving
the worksite to be studied. First, local vs central system releases and afternoon vs evening
releases were compared in three enclosed offices, each with one diffuser, in a single building. For
the remainder, local evening releases were conducted. For the system releases, pure SF6 was
released into the main supply air duct at 1.0 L/min. For local releases, pure SF6 was injected at
200 mL/min into a branch supply air duct typically supplying S to 10 diffusers feeding an enclosed
area, at a suitable injection point 3-5 metres 'upstream’ from the site diffuser. SF6 was injected
from a 15L polyethylene bag, for 10-13 minutes, using a volumetric pump.

Tracer gas measurement: At one site for each injection instantaneous measurements were made
every minute using a photoacoustic multi-gas monitor equipped with a filter for SF6. Measures
were made at respiratory zone alternating with diffuser zone. At ail other sites being
concomitantly measured, collections of air at diffuser and respiratory zones were made every
minute into empty polyethylene bags using volumetric air pumps set at 4.0 L/min. The two
measurement points were sampled at each site, one located at respiratory zone (1 meter above the
floor) and the other at diffuser zone (directly in the diffuser) every minute during release of SF6,
and every 2 minutes for up to 90 minutes after release ended, until SF6 concentrations were no
longer measurable. The decay rate was constantly monitored 1o ensure a linear decay was
occurring which is indicative of adequate mixing and uniform initial concentration. If adequate
mixing was not occurring, the session was aborted. During local releases, enclosed offices were
sampled under positive pressure with the door closed and the open concept sites sampled, were
always in a largely enclosed area located in the supply zone of the system implicated and gas
traced. This ensured minimal or no infiltration of untraced air.

Other measurements: Prior to the test the room dimensions were measured and volume
calculated Output from all diffusers in the room or open area was measured directly with a hot-
wire anemometer. A surface grid of diffuser measures ,traverse measures of the ducts and the
surface correction factors were utilized to calculate volumetric output of the diffusers. In some
cases, the most recent balancing report was utilized

Definitions and calculations:

1, Diffuser ratio: the ratio of the output of the diffuser for the site being measured - to - the
average output for all diffusers in the room/open area.

2. Air changes per hour (ACPH) theoretical: total output from all diffusers -divided by - the room
volume in cubic metres

3. ACPH actual: Calculated from decay of log(SF6 concentrations) at respiratory zone (RZ)

4 ACPH theoretical: Calculated from total air supply from all diffusers -divided by - room
volume.

5. ACPH ratio: ratio of ACPH actual - to - ACPH theoretical

6 Ratio end SF6: the ratio of Respiratory Zone SF6 concentrations (RZ-SF6) to Diffuser Zone
SF6 concentrations (DZ-SF6) during the last four minutes of tracer gas injection.

7 Ratio mid SF6 - the ratio of RZ-SF6 to DZ-SF6 in the middle three minutes of injection.

8 Pattern of SF6 rise at RZ: visual impression with regard to rate of rise in RZ-SF6, relative to
DZ-SF6. "Plateau” defined as: RZ-SF6 concentrations significantly less than DZ-SF6
concentrations, without significant difference between Ratio-end-SF6 and Ratio-mid-SF6

Analysis: These outcomes were correlated with each other. Average values of these outcomes
grouped by characteristics of sites such as office of HVAC type, were compared by T-test or
Analysis of Variance.

RESULTS:

As shown in Table 1, there were no differences in the pattern or rate of rise in RZ-SF6 during
local or system (central) injection, although there were substantial, and unexplained, differences in
the ACPH calculated from SF6 decay. There were minimal dillerences in the pattern, rate of rise
and calculated ACPH between afternoon and evening local releases. At 7 worksites air was
supplied from two different supply air ducts running to different diffusers, At these sites, tracer
gas was injected into both supply air ducts simultaneously. However DZ-SF6 concentrations
resulting from the two injections were often very different, with the result that RZ-SF6
concentrations varied widely, as did the mid-SF6 and end-SF6 ratios, making results from these
sites difficult to interpret.

Table 1. Methodologic aspects of SFg measurements.

(Number) ACPH ACPH Diffuser Ratio Ratio
actual ratio perform.  End SFg  Mid SFg

Type of release

System 3) 0.9 05 100% 75 59
Local 3) 2.7 17 100% 75 57

Time of release

Afternoon  (3) 2.7 17 100% 75 57
Evening 3) 2.1 13 100% 65 50

No. of injections

One 27 0.7 12 97% 66 58
Two (7 0.7 .08 86% 81 65
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As shown in Table 2, the ratio of RZ-SF6 to DZ-SF6 was positively correlated with the
worksites' diffusers delivery of air relative to other diffusers in the same room, and negatively
correlated with room size. These ratios were also positively correlated with theoretical ACPH,
calculated from diffuser output and room volume. This could be interpreted as indicating that
delivery of air from the DZ to the RZ is lower if the room is larger, and is better if the diffuser
output is higher, at least relative to other sources of air supply in the room. On the other hand
these ratios are, if anything, negatively correlated with ACPH calculated from RZ-SF6 decay after
tracer gas injection was stopped. The more negative correlations with ACPH ratios is a reflection
of the positive correlation of diffuser output, and theoretical ACPH, with these ratios.

Table 2. Correlation of different estimates of local ventilation performance.

Ratio Ratio Ratio Ratio Room Diff. ACPH ACPH
End Mid End Mid Vol. Perf. Actual  Ratio
SFg SFg Ln SFg Ln SFg

Ratio

End SFg 1.0 .83 .94 .85 - 11 40 -.14 -45
Ratio Mid SFg 1.0 .80 .93 =22 35 -.06 -39

Ratio end L.n SFg 1.0 93 - 11 32 -11 -57
Ratio mid Ln SFg 1.0 -22 28 -.01 -.49
Room Volume 1.0 -33 -.02 22
Diffuser performance : 1.0 - 11 .04

Actual ACPH . 1.0 75
Ratio ACPH 10

Table 3. Relationship of office and HVAC characteristics to estimates of local ventilation
performance.

(No.) ACPH ACPH! Diff.2 Ratio? Ratio?
Actual  Ratio Perf. end (ppb)  mid(ppb)

Oftice type
Closed (24) 12 .10 97% .70 .60
Open 10) 0.8 14 88% .66 .59
HVAC type
CAV (25) 1.1 .08 95% .70 .58
VAV (9) 1.0 .20 96% .67 .62
Pattern
Plateau an 12 .19 89% 51 47
No plateau (15) 1.2 08 98% 73 .60
Infiltrations (4 1.3 23 100% 99 86
Office/HVAC
Closed/CAV (18) 1.2 07 98% 75 .60
Closed/VAV €] 1.2 .24 93% .50 45
Open/CAV (7) 08 13 87% 59 55
Open/VAV &) 0.7 15 99% .81 .74

ACPH Ratio : ACPU Actual / ACPH Theoretical

Diffuser performance: Diffuser output/ Average diffuser output for room
Ratio end: RZ-SFg/DZ-SFg at end of release

Ratio mid: RZ-SF¢/DZ-SFg at middle of release

Ia W bD —

As shown in Table 3, there were substantial differences between office types or HVAC types
in these different estimates of local ventilation system performance. The plateau phenomenon was
seen in 55% of open concept offices, compared to only 28% of closed offices, yet the calculated
ACPH were significantly higher in these open areas. This may have been because the decay in RZ-
SF6 concentrations was due to mixing with air from other worksites in the open area, and not
actual removal by dilution with air from the ventilation system. Actual air change rates were very
low, considerably below (he theoretical rates calculated from measured diffuser output.

The pattern of change in RZ-SE6 in response Lo SF6 release could be characterized as a
plateau at 11 worksites, and not as a plateau at 15 sites. In Figure 1 are shown examples of these
two patterns seen at two different sites. At four sites the RZ-SF6 concentrations exceeded the
DZ-SF6 concentrations. These four sites were all supplied by VAV systems; differences in DZ-
SE6 concentrations at the different diffusers in the same room were seen, and infiltration from
sites with higher DZ-SF6 may have occurred.
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DISCUSSION

In this study local release of SFg tracer gas after normal w
measures of local ventilation performance as more standard t
central HVAC system (7). Even thou gh SFg is safe at concentration many orders of Magnitude
greater that used in building ventilation studies, we have had to cancel tracer gas studies in (he
past because building occupants did not wish to be exposed 10 SFg. Local injection performed jp
the evening is simpler, cheaper as it uses less SFg, 2nd does not expose any of the normal buiIding
occupants to the tracer gases.  The effectiveness of the ventilation system in removing
contaminants that are produced locally is considered to be an important determinant of
environmental conditions at worksites (6). We have shown that environmental conditicns vary
widely between worksites within the same buildings, and that these between site differences are
associated with between-worker differences in symptoms (3). I

n this study there were
considerable differences between sites in both the theoretical and actual ACPH using standard

methods (7). There were substantial differences between worksites in the response of $Fg at
respiratory zones during SF6 release. This has been labeled the “plateau” phenomenon (6), but
would be better described as a slower increase or response. Slower response was associated with
open concept offices, but net with other worksite characteristics, This phenomenon correlated
well with the theoretical air changes per hour but not with the actual air changes per hour
calculated from SFg decay.
Measurements of ventilation system performance are complex (4-7),
is there a consensus regarding the definitions of terms such as ventilatio
effectiveness. We conclude that 2 number of parameters of local ve
can be estimated using local SFg release with measurement of resultant increase and decay at the

respiratory zone. However these parameters can not be interpreted without additional information
regarding centaminant concentrations, and occupant health and well-being,

orking hours provided similar
echniques involving release jn the

and not standerdized, nor
n efficiency and
ntilation system performance

ACKNOWLEDGMENTS

The authors thank the Respiratory Centers of Health Networks for financial support, and the
owners and occupants of the study buildings for their collaboration.

REFERENCES

1. ASHRAE STANDARD, 1981, Ventilation for Acceptable Indoor Air Quality,
American Society of Heating Refridgerating and Air Conditioning Engineers, Inc
Atlanta, 1981.

2. ASHRAE STANDARD, 1989, Ventilation for Acceptable Indoor Air Quality,
American Society of Heating Refridgerating and Air Conditioning Engineers, Inc,
Atlanta, 1989.

3. Menzies R, Tamblyn RM, Farant JP, et al, The effect of varying outdoor air supply on
symptoms of sick building syndrome. New Engl J Med. 1993 (in press).

4. Persily, AK.: Ventilation Effectiveness in Mechanically Ventilated Office Buildings,
NBSIR 85-3208. Washington, D.C. : National Bureau of Standards, 1985,

5. Fisk, WJ. and Faulkner, D.: Air Exchange Effectiveness in Office Buildings :
Measurements Techniques and Results. Proceedings of Int’l Symposium on Room Air
Convection and Ventilation Effectiveness, Univ Tokyo.

6. Farant, J.P., et al, American Industrial Hygiene Association Journal 1991, 52: 387-392

7. ASTM Standard Test Method, Designation E- 741-83.

ndoor Air '93. Vol. 5

- EL EXPERIMENTS FOR THE DETERMINATION OF AIRFLOW
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o ::IOLARGE SPACES
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ABSTRACT

the determination of airflow in Iarg.e
i ing is one of the methods used for : ! ¢ g
Model a"q}.f"mne.ntu\fﬁlll discuss the formation of the governing dxmer}smn]esi ::aim%;eerfdoped
g E:Per‘ments with a reduced scale often will necessitate a Tu \rrn o
f i i
Show? I::tleverz? the flow. Details of the flow from supply openn%sl a:z :awke aps?mplified
nu-b; tmn'rxination of room air distribution. It is in some cases possible
ete! :
l:lu;ply opening for the model experiment.

INTRODUCTION

. I g 6, oW
centilated air spaces as shopping arcades, atria a.r}d Fxmbmon_ blgf?;ﬂg:tﬁ ingrsou i
e b the last decade. The main purpose of designing the air v
popu;:ﬂ: ttilzms is to obtain control of the energy flow and the. tf.-mperatm'v:-:‘:1 E;ri;;e:n] g 5 cg};
?cns?omc t to have a high ventilation efficiency in Lhe. occupied are:s ;1; i
= this area without too large air exchange in the rest o oy S
e t: in case of a fire and necessary escape routes are other :mponanlt su 33 v v;rork a
’ g i m
:efz;essr:f: to limit the air velocity in the occupied areas because people may

restricted activity level in the shops and in open offices.

i ir distributi due
It is not possible to use full-scale experiments in lpe dt_as_:gn of Ehe air $os:;-;b:su;r; gitzsr:d e
to the large dimensions. It is also difficult 10 use s:mphfxgd de_?l.lgn cﬂ;:se S
i 0?]'8\‘5 ] omnn depﬂ‘l_s ° non]ﬁm;:;nvalsgf::;ion: Several sources for the air
i i eometry which is presen Ny . g
zomv{:;g;‘:pz‘s:alfﬁ gexampli-e}: diffusers, pressure difference ‘muff{'iedme ;t;zsswcuon,
downdraft and thermal plumes make it also difficult 10 use simplified me .

i ssible
Computational Fluid Dynamics (CFD) and physical Mod(sel Ex;;rémﬂei:tfa(tlt\:fijﬂrle btx:% i;pc;ussed
ninati ir distribution system
methods for the determination of the air

in the following.

s onal

istribution i just been initiated by the Internationa

ive w ir distribution in large spaces has just be shaenl

glteernSiwAW:;t m:a?;ex 26 programme "Efficient Ven?ilanon of Lariz;‘.:l :E!::los?;e:ms e
pmgfa}:nmi wi!); both contain field measurements, simplified methods, model expen

CFD-methods (1).
GOVERNING EQUATIONS AND DIMENSIONLESS NUMBERS

1 uations in
The conditions for model experiments are fﬂnﬂu]aie_d from _the fg[c}i:;e:g;gm ui(tly iy
a nondimensional form (2). The gov?ming equations con;;st o‘on ) ot e
three Navier-Stokes’ equations (one in each coordinate direction X,




