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A tracer qas technique for h~atinq, venti1atinq, and 

air condi tioning (HVAC) systenl performance evaluation was 

deve10ped and va1idated by a comparison to measurements made 

with a p;tot tube and design specifications in an office 

building in Hull, Quebec. A method to balance local exhaust 

venti1~tfon systems using the equilibrium concentration tracer 

qas method is a1so presented. The resu1 ta found in a mode 1 of 

such a system were compared to results found with a hot wire 

anemometer. In both studies, tracer gas techniques proved to be 

a viable alternative to conventional methods~d to balance 

--ventilation systems and to enaure that these are performing 

satisfactori1y. Furthermore, effective ventilation rates in the 

work places could be quantified using tracer gas techniques. 

Presently, the method outlined for HVAC systems 

performance evaluation can be used to find fresh and primary air 

supp1y, recircu1ation, and effective ventilation ratas. 
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RESUME 

, . 

Une technLq-ue utilisant un gaz traceur pour 

l'évaluation du fonctionnement des systemes de climatisation 

(HVAC) a été mise au P9int; une comparison avec les measures 

prises a l'aide d'une tube de pitot et avec les spëcif ications 
li '" 

du concepteur dans un immeuble de bureau il Hull, Qué. a permis 

j -, 

d'en vérifier la validité. L'autre p.résente ëgalement une .J 
méthode de réglage des systemes de ventilation aspirants locaux 

il l'aide d'une technique reposant sur le point d'équilibre de la 

concentration de gaz traceur. Les résultats obtenus sur un 

modéle de ce système ont été comparés aux résultats obtenus à 

l'aide d'un anëmométre a fit-chaud. 
" 

Dans les deux cas, les 

techniques faisant intervenir un gaz traceur se sont avérées 

une option valable par rapport aux méthodes conventionnelles 

utilisées pour équilibrer les "s-~stèmes de ventilation et 

s'assurer qu'ils fonctionnent d'une manière satisfaisante. Par 

ailleurs, les taux de ventilation efficaces sur les lieux de 

travail pourraient être quantifiës à l'aide des techniques 

faisant intervenir les gaz traceurs. 

Actuellement, la méthode indiquëe pour l'évaluation du 

fonctionnement des systémes HVAC peut être utilisée pour 

déterminer le taux d'alimentation en air primaire et frais, le 

taux de recirculation, et le taux de ventilation efficace. 
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PRBPACB 

Althouqh tracer gas techniques have been used in the 

past in a variety of studies, these have concentrated on one 

aspect of a ventilation system or another. For example, 

volumetrie f low rate measurements in condui ts have been found 

and effective ventilation rates have been determined to 

quantify air infiltration in a building. However, no attempts 

have been made to combine different aspects of the existing 
\. 

technology'to evaluate the overall performance of a HVAC system 

nor to balance local exhaust ventilation systems. Research on 

these aspects of the use of tracer gases is reported herein. 
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AIR EXCBA~GB RA~E 
, , 

COEFFICIENT OF ENTRY 

EFFECTIVE VENTILATION 
RATE ') 

FACE 

FLOW WORR 

FRESH AIR 

FRICTION LOSSES 

, GENERAL VENTILATION 

HERMETICALLY SEALED 

HOOD ENTRY LOSS , 
HYDRAULIC RADI~ 

LINEAR RANGE 

LOCAL VENTILATION 

PRIMARY AIlt " 

GLOSSARY OP TBRJIS 

The number of times'room ai~ ia 
replaced by outside air in an hour 
(air changes per hour (~CPH». 

The square root of the ratio of 
velocity pressure inside the duct 
to the static pressure in a hood. 

The air exchange or outside air supply 
rate at a given location. 

A dead end underground tunnel. 

The work required to MOye a mass of 
air through ducting_ 

Outslde air used to ventilate work 
areas. 

Enerqy los ses resulting from friction 
-aa a fluid flows through a conduit. 

Ventilation achieved by dilution, i.e. 
supplying air to work places. 

Air tight. 

Loss of energy of a flbwing fluid 
as entering a hood, normally in the 
form of shock pressure losses. 

~he ratio of the cross sectional area 
of a conduit to the wetted perimeter 
as fluid flows through the conduit. 

The response range 'of an analytical 
device up until detector saturation 
begins. 

A form of ventilation that is used in 
more critical situations to either 
locally remove contaminants from the 
work environment or to 'locally dilute 
them to acceptable levels. 

Air supplied to the work places through 
the ventilation system; therefore, 
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~IRCULATION RATE 

SHoeR LOSSES 

STACK EFFECT 

STEADY FLOW SYSTEM 

TRANSFER INDEX 

VENTILATION RATE 

WIND EFFEeT 
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The percentage of recirculated room 
air being redistributed back to work 
arèas as·a part of the primary air. 

The resulting loss in energy 
encountered when a flowing fluid 
either expands or contracts. 

The net upward flbw of air in a 
building because of temperature 
differences and consequently, density 
differences due to height. 

A flowing system characterized by 
equal intrusion and extrusion rates. 

The air transfer between two points. 

Air exchange rate. 

The net influx of air into a building 
resulting from wind incidence on it. 
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1.0 INTRODUCTION 

Governments, the American Conference of Governmental 

Industrial Hygienists (ACGIH), and the Occupational Health and 

Safety Administration (OSHA) aIl have guidelines or regulati~ns 

regarding worker exposure to harmful contaminants. Tne 

aggressive and harmful natures of the pollutants generated by 

most industrial processes are obvious and hence, these limits 

were adopted. In most industrial settings, a variety of 

physical. and chemical agents are present. Sorne of these 

include: dusts and fumes, noise heat, radiation, solvents and 

other chemicals, aIl of which are associated with the many and 
-

varied occupations found in-; but not limited to, plants, 

factories, and mines. Even though office environments are 

typically characterized by l~-er pollut.1on levels than those 

found in industry, the contaminants may be present at 

concentrations above sensory perception and synergistically 

could present a health hazard for sorne contaminants. This has 

led to the recent recognition that these environments may not be 

as comfortable and healthy as once believed. 

In energy eff icient, hermetically sealed buildings, 

air circulation has been decreased as à consequence of their air 

tight nature and complaints of stale air and lack of air motion 

have arisen (1). It is possible that the decreased air 

circulation has resulted in higher contaminant levels in these 

environments. This is supported by the fact that the occupants 

have complained about eye, nose, and throat irritation, 

1 
1 
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headache, fatigue, sneezing, and contact lense problems. Such 

symptoms are typical of what is referred to as "Tight Building 

Syndrome" (TBS) (2). Some of the éontaminants found in 

hermetically sealed buildings are listed in Table 1. As 

indicated, th,ese 'can be di vided into c~tegories ref lecting 

interior or exterior origin. 

<-- Hicks (3) notes that more than 30 different organic 

spec~ which do not exist outside, have been detected inside 

bUildin~. The internal sources of pollution include: 

constructio~materials like adhesives, particle board, concrete, 

etc.; tobacco smoke; cleaning and maintenance supplies; and 

office equipment. In fact for most pollutants, indoor values 

tend to be higher than outdoor values (4). This leads one to 

believe that supplying more outside air to the indoor 

environment would dilute the existing contaminants and result in 

a healthier, more comfortable environment. The study presented 

by Hicks shows~that the incidence of TBS are considerably 

decreased when the amount of outside air supplied per person in 

~n office environment is increased from about 2.4 x 10-3 m3/s 

(five cfm) to about 11.8 x 10- 3 m3/s (25 cfm). The incidence 

dropped an average of about 26% in the two buildings studied. 

The latest American Society of Heating, Refrigerating, and Air 

Conditioning Engineers (ASHRAE) air requirement recommendations 

are based on the build-up of contaminants in the workplace and 

require a minimum of 0.01 m3/s (20 cfm) of outside air per 

person where smoking is permitted. 

2 
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ORIGIN POLLUTANTS' 

1 

Outdoor sulphur oxides, ozone, P?11ens, 
lead, manganese, calcium chloride, 
silicone, cadmium, organics. 

Indoor and ni tric oxide, nitrogen dioxide, 
Outdoor carbon monoxide, carbon dioxide, 

particles, water vapour, 
organics. 

l 

1 
f 

1 

Indoor radon, formaldehyde, aspestos, 
organics, ammonia, hydrocarbons, 
arsenic, nicotine, mercury, 
aerosols, allerqens, organisms. 

! 

1 

1 
1 

Il 1 
1 

-rABLB 1: ~NDOOR POLLUTANTS 
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The problem no~ facing engineers is to find an 

effective way to measure the amount of outside air supplied to a 

work station (the effective ventilation ratè). Conventional 

pitot tube measurements'can be used to estimate this but do not 

measure it directly. Proper air diffusion i8 assumed but does 

not necessar±ly exist where screens and mixed office designs 

characterize the interior office space, as is typical in many 

complexes. More funçamentally, the theory of air diffusion is 

not completely understood (5). 

An alternative method to find effective ventilation rates 

in sealed buildings use's a tracer gas. Flooding the occupied 

spa ce with a gas and monitoring its decay can be used to 

determine the amount of outside air being supplied at a given 

location, and gives better results than the the estima tes now 

being used. This method has been used by several investigators 

to find air infiltration rates in houses for different 

meteorological conditions (6,7,8,9). Other researchers have 

used tracer gas techniques to observe volumetrie flow rates or 

air velocities in closed conduits (10, Il, 12, 13). However, no 

attempts have been made to combine the available techniques to 
-

evaluate the overall performance of ventilation systems. 

The purpose of the following research was to design a 

technique using a tracer gas (sulphur hexafluoride (SF 6 » to 

find volumetrie flow rates in ducts and the effective 
.; 

1 

ventilation rates at work locations. In particular, rates of 

fresh air supply, recirculation and effective ventilation were 

4 
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found. The testing was performed on a floor-by-floor basis in 

an office complex in Hull, Quebec, after trials of 'techniques 

and equipment. One floor was used to test the finalized 

procedure on five consecutive days; 

At this stage, the technique developed does not save 

an investigator much time over conventional pitot tube traverses 

but does afford a more reliable measure of effective ventilation 

rates and volumetrie flow rates in ducting. Furthermore, it can , 

be adapted to the measurement of air infiltration in structures 

at least in part ventila:/ted naturally. This could replace 1:-he 

empirically based and induced cpressure techniques, the former 

being an estima~e and the latter requiring large f~~s and 

elaborate field installations. 

With further work in the field of equipmen~ 

development for sampling and analysis, tracer gas technique. 

will facilitate the measurements used in ventilation studies. 

It is expected that an entire office complex cou Id be evaluated 

in a matter of a couple of weeks rather than the months that are 

presently required. 

\ 
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2.0 VBRTILATIOR PRIHCIPLBS 

The absolute minimum requirement of any ventilating 
1 , . 

system is to sustain life, that is tQ! provide necessary oxygen 
1 

and remove carbon dioxide produced by respiration. However, it 

is unthinkable for ventilation design to consider this alone • 

Dilution of objectionable odours and contaminants and the 
~ 

control of temperature and humidity must also be consiaered. 

Generally, the purpose of ventilation is to provide a healthy, 

comfortable environment for those present. 

Both natural and mechanical ventilation are found in 

practice. Natural ventilation depend,s on local meteorological 

conditions and their resulting or independent pressure 

differences. Consequently, control of this type of ventilation 

is limited, although the associated low capital and operating 

costs make it an attractive tool. For example, the pressure 

difference with respect to depth in an underground mine with a 

substantial geothermic gradient can induce a flow of outside air 

into the mine and can be used to reduce the workload of the 

existing mechanical system. This decreases operating costs and 

if considered in the -original design, May also reduce capital 

costs. Similarly, open plan layouts in factories reduce the 

ventilating load to an extent that some smaller structures can 

be entirely ventilated by natural means (13, 14). Thi. i. 

achieved with windows and ita effectiveness can he increaaed by 

proper placement of louvres in the structure. 

Mechanieal ventilation ay.te •• can be cla •• ified bY 

, 1 
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one of three broad categories: push, pull, and push-pull. The, 
• 

differe~ce between push or pull ventilation, as shown in Figure 

l, lies in fan placement. Positioning the fan at the beginning 

of the distribution system supplies air under a positive 

pressure to work places, whereas placing the fan at t~e en~ 
, 

creates rarefaction which induces a flow through them. 

Combining the two prevents a pressure build-up and consequently, 

noise caused b~ high velocity air escape or infiltration is . 
eliminated. Designing the exhausted air volume to be 10\ less 

than the amount of incoming air creates a slight positive 

pressure which can prevent dust and pollutants from ejtering 

through cracks and openings in the building.Cll). 

Mechanical ventilation can be further subdivided into-

either general or local ventilation. General ven,tilation is 

used to dilute contaminants and odours in a work area and 

replenish oxygen by supplying fresh air. Heating ventilating 

and air conditioning (HVAC) ,units serve to achieve the se 

objectives. Local ventilation serves only a limited area. It 

iB used to contain harmful contaminants generated by industrial 

processes, laboratories, etc. Laboratory hoods are the Most 

effective type of local ventilation because these enclose the 

contaminant entirely when the sash i5 shut. Other designs do 

not necessarily enclose the process, but rather rely on capture 

velocities to remove the harmful substances from the work 

environment. Many industrial dust collectors are designed on 

this principle. 

. , 
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The effectiveness of the above types of ventilation 

systems must be periodic~lly check.ed to ensure a high quality , 
work environment. Large building systems have to be balanced so 

that proper air distribution is ob_tained not only through the 

duct network, but also in the work areas. Tne effects of 

natural ventilation often have ~n influence on the functioning 

of 'a mechanical system when these are used toqether; therefore, 

its characteristics need to be known. Proper operation of local 

ventilation systems is very important because these are 

re.sponsible for the removal of harmful contaminants from the 

work environment. AlI of the above can be determined using 

tracer gas techniques. 

The remainder of this chapter outlines th~ theory Pehind 
~-

air flow and air distribution throuqh aIl parts of general and 

local ventil~tion systems. These are the chara.cteristica 
,,, 

measureable by the. tr,=er gas techniques outlined and in some 

cases, validated in this paper. 
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2.1 PlUIICIPLBS OP GBI1B1tAL BOlLDXBG VBlrJ.'XLA~J:O. 

General building ventilation falla into two 
.. .. 

categories: mechanical or ~atural. These must supply air to 

occupied spaces at a specified ventilation rate in order to 
\ 

mainta~ a healthy, comfortable environment. Typis:.a). air 
......... 'J " 

requirements for an otfice complex as outlined by the ACGXS (15) 

are given in Figure 2. With the advent of the recent energy 

crisis, air tight office buildings have become popular. These 

rely solely on mechanieal ventilation. 

2.1.1 TBBORY OP ItATURAL VBR'.rILATXOIJ x. BOILDIIJGS 

Natural ventilation vas the first type of 

ventilation found in practice because there is no need for any 
1 

infrastructure. Presently, it is still used as the sole means 

of ventilation in many dvellings fou4d in warm climates, but it 
, j 

is normally tound in combination vith mechanical ventilation in 

cold~r climates and larger buildings where air conditioning and 
", 

better air distribution are required. 

In natural ventilation, ventilating air enters a 
'\ ' 

building ~hroug~,cracks an~openinqs. The equation qoverning 

, the f low of air through a crack is: 

(2.1 ) 

where: ~ has been experimentally found t~ be between 0.6 and 

10 
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Q.7, Q ia'the volumetrie flow rate (ml/a), L ia the crack length 

(m), ,a.p' is the pressure difference aeross the opening (N/m 2 ), 

and k is a factor that depends on the window type as outlined in . 
Table 2. 

The flow rate acroas an opening like a ,indo~ 

has been determined by dimensional analysis and is given by: 

(2.2 ) 

where: 9 is the gravitational constant (m 2/s), h is the height 

of the opening (m), v is the kinematic viscosi,ty 9f air (1Il2/s), 

A is the area of the opening(m 2 ), Q is a function of the Grashof 

(Glt) number,ATgh3 and h/b, t~e aspect ratio, and Â'l' ia the 
Tv 2 

temperature difference acroaa the opening (oC). Croome and . , , 

Roberts U3) indicate that the Graahof nu~ber is equal to 1/3 Cd 

~here ~d ia the coefficient of discharge through the opening. 
d. 

,This ia valid if the viscous forces of the syatem are aaall in . 
compariaon to the buoyaney'forces ~and horizontal velocitiea are 

predominant. 

For windowa ,other than, aliding window., an .ngle of 

opening factor,. J(t),. muat be introduced' ao that: 

cbaracterizes fIc. tbrough the openÛlg. It i. evident tut 

J(.). 1 for, aliding window'a aa these do not obat,~uct f lov. 

, . 
12 

t4 ,. le "' 

" 



~-~ ---. 

( 
\-

o 

•• J~ 1[ .~ 

, 
,WllIDOW TYPE k 

(0.001 m3/s/m of crack @ p • 1 N/JIl2) 
, 

AVERAGE RANGE 

Slidinq 0.08 0.02 -. 
Pivoted 0.21 0.06 -

w •• thèr Stripped 0.08 0.01 -
Pivoted 

.... 2. 

\ 

1 • 

k PActoRS l'OR DIPPD8N'1' WlliD()II(ff 
(after Cr~ and Roberts (13» 

13 

0.30 

0.80 

0.20 



( 

. . 
! 

Pigure 3 8hoW8 the factors for another type of window. 

The above analysis has been extended to include 

multiple or a series of openings (13). For two openings in 

series with their centres h metres apart , the following 

equation describes the volumetrie flow rate across both of -the 

openings: 

Q • 2ACd ( Al /A2 )(g6Th)1/2 (2.4 ) 

Ü + Al /A2 )(1 + (Al /A2 )2)1/2 T 

Therefore, if the slidinq windows were the same size, the 

formula reduces to 3/2 times Equation 2.3. 

2.1.1.1 .:IBO AllO SUCK .BP!'Bc.l'S 

Air can either infiltrate throuqh opening8 in a 

structure as a result of wind or pressure differences due to 

heiqht as is possible in multi-storey buildings. These two 

effects Act in conjunction with one another as shown in Figure 

4. 

The.amount of air entering a building because of wind 

i. given by: 

Q • O.5kAv (2.5 ) 

where: k is a factor reflecting the ratio of the areas of free 

in lets and outlets as shown in Table 3, and v is the wind 

velocity (m/s). A perpendicular relationship betweén wind 

14 
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direction and the side of the building is assumed. 

Another approach to quantifying air infiltration due 

to wind i8 to use a relationship which reflects the pressure-_ 

differences caused by it, such as: 
, . 

Q • AAK1/ 2 (2.6) 

where R ia the resistance factor of the opening (N/m2 ). This 

can be expressed as: 

Q - O.827Apl/2 tA (2.7) 

and 

Q - O'.827(APl + AP2')l/2( AIA2 (2.8) 

(A12 +A2l)1!2 

for openinqs in parallel and series respectively. Although the 

above equations are correct in the ideal case, wind prof~le8 

change with respect to height, which complicates the analysis. 

Croome and Roberts (13) outline this. 

The atack effect results from warm air risinq in a 

building because of its relative density. The phenomenon ia so 

namad because it i8 the ~rinciple governing the desi9n of 

.mi •• ion stacks found in indust~y, household chimneys, etc.. In 

order that a stack be effective, the driving force, which is a 

18 
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st 

funetion of the pressure differenee between air ma.ses of 

differing temperatures, must induee an upward flow (16). 

In a'building environment, as the warm air rises, it 

ia replaced by cooler outside air through ,doors, windows, and 
t 

cracks.' Bence, the stack effect is enhanced by cold outd~or 

environments. 

Infiltration at the bottom of a building by cold air 

ia given by: 

and similarly, the amount existing at the top is: 

Q - Cd A( 24Pt)1/2 
Po 

(2 .. 9) 

where: pis the air density (kg/m 3 ), and pressure.diffe~~~ 

are derived from indoor (i) and outdoor (0) values. AlI 

openings that are actively al16wing air into the building should 

be included. Knowing that the air pressure at ground level is 

equal to the air pressure at a height plus pgh, where p is the 

average indoor or outdoor air density, the resulting equations 

can be solved for the indoor air pressure at the top and bottom 

of a building to give: 

111 
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(, 
SolviDg Bquations 2.9 and 2.10 for Pt and Pb and substituting 

, 
the solutions into Equation 2.11, and asauminq _ass conservation 

( • • ~iQi • PoQo) yield the reiationahip: 

where: Ar ia the ratio of outlet ar~a to inlet area and.p is the 

denaity difference between the top and the bottoll of the 

buildinq. Osing the ideal qas law, AR • -..A.:le, and .ubati tuting 
T 0 

thi. and Cd • 0.6.1 P - 1.2, 9 • 9.8, T • 293 lt into Equation 

2.12, ve get: 

Q - 0.17 (6Th)l/2, ( AiA; ) (2.13 ) 

(1 + Ar)l/~ 

which is ~he (low rate into a building as a re.ult of the staèk 

effect. In essence, only the tempe rature difference between the 

incoming and outgoing air and the areas of the openings need he 

known for the calculation. 

Figure 5 shows the infiltration rate resulting from 

the wind and stack effects acting in combination. '--

2.1 .. 2 !"IIBORY OP MECBAIIICAL VBIJ'l'ILATIOB IR BOILDIIIGS 

Mechanical ventilation is achieved by 8upplyinq air 

to workplaces with a fan via ductinq. The purpose of the fan i. 

20 
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to aupply'energy to the air so that it can flow through the 

distribution sy~tem. Normally in large office complexes, 
$'> 

centrifugaI fans are used to overcome the los ses encountered as 

air flows through the ducting. These are capable of generating 

high static pressures at relatively low noise levels., To ens~re 

that the ventilating air is uniformly distributed, the duet 

network must be designed so that the losses, which' are a 

functi.on of -fluid velocity (described in Section 2.1.3.1), 
" 

encountered in each branch allow the desired volume of air to 

-flow through: hence, duct diameter can "'he used to incre'ase 
" 

losses by inçreasing the fluid 'velocity. This'can be a delicate 
) -

balance a~d ~herefore, adjustable dampers or baffles are often 
. 
installed at the time of construction to a.llow for subsequent 

corrections and changes. Once through the distribution system, 

the- ventilating air is supplied to work placès' via ~iffusers t9 

ensure proper mixing. 

Three types of· HVAC systems are commonly found in 
~ 

practice: continuous air supply, variable air volume (VAV), and 

more recently, qeat re.?laim types. A "'continuous air supply 

--system supplies a given amount of ventilating air to work areas 

~ and is often found in conjunction with natural ventilation~ 

Nor~ally, the- air is, centrally treated and cooling and/ol;: 
ç 

heat~ng coils are activated by thermostats. Multiple zone 

syste~s are also found in practice. Here, a number of 

thermostats are used to monitor diffe'rent areas in a building. 

Ventilating air i8 treated according to the zones' needs. 
1 

1 
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( 
. with the advent of the energy crisis, VAV uhits became 

pop~lar because of their characteristic energy ef~iciency. 

These supply ventilating air based on the heat requirements in a 

given area. Therefore, as the temperature rises in a given 

zone, more air, which is cooler than the work room air, is 

supplied. This reduces the work load of the ventilation system 

at times when full air conditioning is n~t required. VAV 

systems are by definition multiple zone. Recirculation of room 

air cafi also be used to further reduce the work load. 

-
The last system to be outlined is the heat reclaim type. 

It i8 also considered an energy efficient system. Heat pumps 

or other heat reclaim devices are used to recover excess heat 

found in the work areas (interior) ana,~ransfer it to the areas 
-~ 

of a building elÇposed to outdoor weather conditions ,(exterior). 

It is best to have two independent air handling units serving 

the two distinct zones. Beat -ean be transferred from the 

interior to the air handling unit supplying ~he exterior zones 

via a refrigerant. 

2.1.2.1 FLOW TBROUGB CLOSBD COllDUJ:ft 
\ 

\ 

The movement of air through a clo.ed conduit re8u1t. 

in pressure losses, which are a function of f1uid velocity, 

viscosity, density, temperature, and pressure, and the interior 

surface and geometry of the duct through which the fluid flow •• 

Be10w a ~tica1 velocity, fluid flow ls Bald to be . 
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laminar; otherwise it is turbulent for which eddy and cross 

currents are charact~ristic. In laminar flow, pressure or head 

los ses result from the fluid particles shearing against one 

another in parallel ~lanes if the run tS straight and of uniform 

geometry (17). The boundary lay~ (next to the interior 

surface) clings to the duct and is characterized,.J>y the lowest 

veloci ty. As the distance increases from the wall, so does the 

velocity. This defines a velocity profile as shown in Figure 6. 

For circular ducts, the Poiseuille - Bagen relationship: 

(2.14) 

qives the pressure d~op where: ~ is the absolute viscosity 

(N.s/m2 ) and ~ is the duct diameter (m). If bends, 

contraction~, and other variations in duct geometry exist, these 

are accounted ~or using the equivalent lenqth method (see 

Appendix I). This expresses the variation as an ~quivalent 

length of straight duct so that Equation 2.14 can be used to 

calculat~ thè resultant pressure drop • .. 
Turbulent f low is usually encountere~ in practice. 

Onlike laminar, flov; pres.ure lasses are cau.ed by friction on 

the interior duct surface. The resulting pressure drop ia qiven 

by: 

Ap - 2fLpy2 • 
24 

(2.15) 
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where: f is a friction factor. Aqain, the.equivalent lenqth 

method can be used to account for irreqular duct qeornetries. 

An ,important criterion used to.distinquish turbulent 

from laminar flow is Reynold's number: 
" 

Re = ~~ 
)J 

• 

(2.16). 

Above a qiven Reynold's number (>2300), which varies with pipe 

rouqhness, 1aminar f low becames turbulent because of the 

frictiona1 effects of the contact surface. 

Friction factors for turbulent flow can be found for 
\ 

differen~ Reis from the graph shown in Fiqu~e 7. Priction 

factors are sma11est when a srna11 contact surface is associated 

wi th a large cross-sectiona1 area: therefore, rectanqular and 

square ducts have hiqher friction factors than do circular 
" . 

ducts. However, Jenninqs (17) notes that a rectanqular duct 

with an aspect ratio not exceedinq 8:1 will have the same statie 

frictiona1 10ss and mean f1uid v~locity as a circular duct of 

the same materia1 and hydrau1ic radius. 

A more general approacb to Bquations 2.14 and 2.15 

accounts for ducts other than circular ones. In these 

instances,· the two equations can be used if the hydraulie 
~ " 

radius, M, is considered. This is the ratio of the cro •• 

sectional area of the conduit to the vetted peri.eter and four 

tt.ea thi. value can be in.erted for. • 

~. 
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2.1.2.2 PLUID PLOIf lfBBOlly, AS APPLXBD 1'0 VBlft'ILATIOII 

Ventilation is· considered an open system. Maas can 

fla" into or out of the system at given rates. Ventilation is 

a180 conaidered steady flow. This means that the rates of flow 

into and out of the system are always equal. Typically, work is 

,performed on the incoming air by a fan and heat may be added or 

subtracted by air conditioninq'units; therefore, .the air ia at a 

n~~ level. Nonetheless, energy is conserved. Keepinq 

these principles of the conservation of mass and energy in mind, 

Bernoulli developed a steady flow enerqy equation: , 

/ 

Sv éP +- v'l + CJ.h :& constant 
2 

(2.11). 

This implies that the energy throuqhout the system remaina 

constant, neglecting friction and assuming the medium is 

homogeneous. Referring to Figure 8, heat and energy are added at 

point A: ~ence, Bernoulli's equation for thls system becomes: 

(2.18' 

"bere: B i8 enthalpy (J/kg), W Is work done by the ah~t (J) and 

X i. the heat added to the system at A (J). 

The above analysis changes somewhat to describe tb. 
\ 

flow of air through ducting. The potential enerqy ter. can be 

iqDored and consequently: 

28 
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(2.19) 

which can be written: 

-
(2.20) 

where: V is the specific volume (m3 /kg). and P has the units of 
(,'~ 

work and PV is eonsidered flow work: ean be used for Equation 

2.18. The pressure loss (~p) is a result of internaI energy 

losses • 

Conventionally for air flow, the flow work is 

referred to as the statie pressure (SP) and the term v 2/2q is 

called the veloei ty pressure (VP). The total pressure (TP) is 

the sum of these at any point in the system. Bernoulli IS 

equation can th en be expressed as: 

(2.21) • 

2.1.2.3 PAIl AllO SYM.'D CIWIACI'lDUftIC CUJtVa 

rigure 9. 

rans are characterised by a set of curvea as shown in 

Althouqh information concerning .any different 

variables i8 shown, the curve Most re1event to this paper 

relates fan statie pressure to volumetrie flow rates. The static 

pressure of the air leavinq the fan results from the work the ..... 
fan doea on thelair. In ventilation design, the fan'. static 

30 
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preaaure just equals or is alightly hiCJher than the expeQted 

pressure drop across the system, which is a function of the 

syatem's resistance. 

The resistance of a system i$ a function of shock and 

frictional lasses. The basic equation relating reaiatance (R), 
'" 

volumetrie flow rates, and pressure loss iB: 

(2.22) 

where: 

R - (2.23) 

and k is a roughness factor (kg/~ ) and 0 is the perimeter of 

the interior surface(m). Figure 9 also shows the op~rating 

point of a fan, which is the intersection of a fan's static 

pressure curve and the system's resistance curve. 

There are man y laws governing the operation of a fan 

that can be used ta change the operating point in a givén 

ayatem. These relate different fan parameters to one another 

and are called fan laws. Thes~ are outlined in Appendix II. 

These"lavs can be applied if some operating parameters or a 

aystem is changed. 

ventf'lation design. 

This adds a degree of flexibility to 
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Once ventilating air is conditioned to the de.irad 

t .. perature and humidity levels, air diffusion i. the •• chania. 

ra~naible for ensuring that aIl parts of a roo. are maintain8d 

at thase levels. The th~ry or acience of air diffu.ion ba. not 

y.t been thorougbly inve.tigatedf however, a con.iderable a.ount 

of knowledge has been bbtained in the field (5). Inve.tigations 

at the University of Illinois bave shown that tbe place.ent of 

.,air diffusers greatly affecta the overall ambient condition. of .. 
a rooa. Pive types of 'diffusera vere studied: 

1) borizontally discharging out lets near or on 

the ceiling, 
\ 

2) vertically discharging outlets near or on the 

floor (non-spreadinq jet), 

3) vertically discharqinq outleta near or on the 

f loor (spreadinq jet), 0 , 

4) borizontal1y discharqinq outlets near or on 
/ 

the floor, 

5) vertically discharqinq outlets neer or on 

the ceilinq. 

"" 

l'igure 10 indicates the air flov patterna generated by ,the 

different diffusérs. 

It is evident that thera are differances betw.an 
"'" 

ba.ting and cooling re9.~dle.. of tb~ aatbod of diffusion. 
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RaturaI convection tends to cause the total air envelope, which 
_J 

ia the primary air (air delivered to the room) and the entrained 

air (room air trapped in th~ primary airstream), to rise more 

durinq heatinq than durinq coolinq. The movement of the primary 

air has been modeled analytically from the out let to a distançe 

where its "velocity drops to 0.76 mis, and shows the same 

charâcteristics for heatinq and coolinq even thouqh the movement 

of the total air envelope aoes not (5). 

An important feature of air diffusion is that a 

atagnant zone is present in Most situations. This is a result 
\ 

of Datural convection and will form in a room from the ceilinq 

dovn durinq heatiDq and from the floor up durinq coolinq (5) • 

• eturn air outlets affect only a limited area and should be 

plaeed near or at the level of the stagnant zone to prevent its 

build-up. Bowever, while not aIl of the aforementioned meth~s 

of air diffusion co.pletely prevent sfaqnant. sones, these may 

_Dot be required tO,do so. Proper 
q 

placement of diffusers and 

" auffieient priaary air ve10cities, in combination with 

co.pàtib1e architectural layouts, can ensure that the staqnant 

sone for.a out:. of the breathing sone of workera. Nonetheless, 

caution auat he exerei.ed sa tbat air veloeities do Dot crea te 

UDcoafortable draft •• 
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2.2 PlUBCXPLBS OP LOCAL VlDft'XLA!l'XOR 

.~- ". 
The need for local ventilation in a- bu.ilding 

epvironment arises when the general ventilation does not 

sufficiently di,lute a contaminant in the atmosphere. In 

general, dilution ventilation is not as satisfactory for health 

control as local ventilation. Common examples of local 

ventilation'are industrial dust collectors and laborat~ry fume 

hoods. 

Much of the relevent the ory regardinq local 

ventilation desiqn and ope~ation has been presented in early 

sections of this chapter: in ~articular, a knowledqe of the 

flow through closed conduits and fan selection ia required in 

local ventilation design. The following subsections cover 

additional principles of local ventilation. 

2.2.1 TUB CAP'.roRB OP COftAMXHAftS 
) 

> , 

Not aIl local veritilation systems 'enclose the 

contaminant qenerating &rea entirely as do laboratory hoods. 
!- • 
~ :.:- Therefore, it ia of'ten necessary to rely on capture velocities 
~-

to entrain the pollutant and car~y it from the room. Capture 

velocities differ according to the contaminant~beinq controlled 

as outlined in Table 4. Piqure 11 shows the relationship . 
between the deaigned duct velocity and the capture velocity at a 

. distance from the hood. This relationship is'true for circular 
.. 

hoods and square and rectangular hQods with a small aspect 
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PROCESS CAPTURE VELOCITY 
(~ 

Evaporation fr~m Tanks 0.25 - 0.51 

Spray Booths, Low Speed 
Conveyor Transfer, We1ding, 0.51 - 1.02 
P1atinq 

Spray Painting in Sh~11ow 
Booths, Conveyor Loading, 1.02 - 2.54 
Cruahinq 

Grinding, Abrasive B1astinq, 
, 

2.54 - 10.16 
Tumb1inq . 

RBQUlaBD CAHtJBB VELOCITIES 
(alter &CGt8 (15») 
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ratio. It i. evident that thi. distance is of priae concern in 

the de.;qn of local exhau.t systeaa. As the distance between 

the hood and the proces. increases, 1;he required air volUllle also 

, increaaes in order to achieve the desired capture velocity. 

Another aethod of ensurinq sufficient capture velocities would 

be to use saaller ducts, thereby increaaing the duct velocity_ . 

Associated with every hood is a hood entry loss which 

is a result of the conversion of static pressure to ve10city 

pressure inside the duct, where approximate1y 2' of the static 

pressure ls lost (15). The coefficient of entry, Ce' ia given 

by: 

therefore: 

\, 

Q - 4.043AFiP • 4.043ACe lSP 

at st.andard den.i ty and pre. sure ~.. of B20). 

a. a result 0',,,, entry ia reflect.ed in 

equation: 

-
Sp • VP + h. 
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(2.24) 

(2.25 ) 

The pre •• ure 

the follovinq 

(2.26) 
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wbere he is the pressure head (a. of 820). Subs~it:ut:ing 

Bquation 2.26 into Equation 2.24 and solvinC) for he gi ... : 

he - (1 - c2 
)vp __ --.;:e~ 

C 2 
e 

(2.27). 

Figure 12 illuatrates the coefficient of entry for different 

hoods. 

The above analysis, in particula-r Equation 2.25, ia 

very crucial to ensure the proper design of a local exbaust 

system. Having decided upon a capture velocity and a particular 
.' 
hood it is necessary to meet the' guidelines in Table 5 for duct 

velocities. This is easily achieved with the proper selection 

of duct size. Entry losses must be added to frictional and 

shock pressur~ los.es when selecttng a ~n. . 

,. , 
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• u, *n axé ... St ilI(4tS 

1 : 
C.=.82 

\ 

c.: .82 C.=.97 

c.:: .?O Ce:·82 -.98 

1'1'" 1.21 'COBrP1CIBIS OP Dru 
. (aitu ACGIB (15)) . 
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COM'AMIDft , DUC! VBLOCITY 
ba/a) 

Vapour., Smoke, Ga ••• 5.59 

Puaea 7.11 - 10.16 

Pi·ne Light OUata 10.16 - 12.10 

Average ~nduatr1a1 OUat 17.78 - 20.32 

S .. vy OUata 20.32 - 22.86 

Very B_vy OUata or 22.86 
Mo1at Ouata 

~. 

, . " ! "-.a. DUCl YaDClft UQUI_.lftS 
(alter AcGDI ( 15 ) ) 

• 
. .... 2 

-

, ., .. 

, . 



f 
f 
t 
t 

<-
1 

, 
<, 

'j 

( 

t 

1 

(; 

3.0 

Traditional1y, volumetrie flow rate measurements with 

pitot tube. or other air ve10eity measuring devices have been 

uaed to balance and to ealcu1ate the number of air changes pe_r 

hour (ACPB) or the ventilation rate of a given mechanica1 

ayatem. Other methods of finding ventilation rates have been 

uaed in the case of natural ventilation. The "crack or 

companent method-, which determines air 1eakage as described 

in Section 2.1.2, i8 one such method. Another involves the 

preaaurization of a building with a fan and measuring the 

volumetrie flow through~ it, which in turn reflects the 

ventilation rate. 

Although these and other techniques have aIl been 

uaed in the past, eaeh has its associated problems. For 

example, extending volumetrie flows in ducting to an open space 

for the determination of the ventilation rate assumes that 

ventilating air mixes perfectly with room air, which is not 

true. Hitchin and Wilson (18) found this not only to be 
, 

mialeading but also stated that even if perfect mixing did 

occur, only 63% of the room would be ehanged after what is 

normally considered a complete air change. To apply du ct 

aeasurements to calculations of the ventilation rate with Any 

.ccuracy at all, ventilating air wou1d have to push the existing 

air out of the area ,much like a piston would. The component 

method for finding the ventilation rate in a closed spaee, which 

ia ba.ad on the identification and ~proxi.ation of all cracka 
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in a structure, also leaves considerable room for error. Some 

cracks may go unnoticed and it may be difficult to approximate 

equivalent lengths for others. Finally, the pressurization 

technique employed by Stricker (19) and Tamura (20) calculates 

the ventilation rate at a given pressure drop. Houses are not 
<-

necessarily subjected to equal pressures on aIl. aides under 

normal conditions and therefore, this technique does not 

adéquately reflect true ventilation rates. In any case, the 

balancing of local exhauat and other ventilation systems can be 
, ,\, 

éumbersome and time cons~~~ng, using conventional tools. 

Corrections have to be made for air densities and turbulence 

acts to reduce accuracy. Fre~uent calibration of secondary a~r 

flow measuring instruments is dlso a problem. 

In practice, most \ v~ntilation systems are 

characterized by dead pockets, short circuiting, and 

recirculation, which are not readily identified by the methods 

and tools outlined above. Smoke tubes can sometimes be used to 

qualitatively indicate these problems in given circumstances. 

An altetnativ~ method for evaluating ventilation ~ystem 

performance, which eliminates most of these shortcomings, usee a 

tracer 9as. 
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Tracinq techniques have long been usad to datermine 

air .aas movement usinq aerosol or gaseous tracera: Deuble (12) 

lists the followinq shortcomings of aerosol tracers: 

! 

the need for proper dispersion 

and samplinq, 

atypical diffusion in an atmoa-

phere, 

los ses from settlinq and impaction, 

instabilit~ in the ~tmosphere, 

statistical samplinq error, 

when usinq them to quantify air movement. Gaseous air tracera 

ovetoome most of these problems and consequently have been 

adopted more frequently. 

Tracer gases have been used for pollution transport, 

build~ng ventilation including laboratory hoods and local 

exhau~t systems, mining ventilation, and rock porosity and 

permeability studies. 

The followinq xeferences, althouqh not complete, 

represent a thorouqh examination of the publications related to 

tracer gases and the types of studies performed. 

Pollution etudies have been per~ormed both indoora 

and outdoors. Lidvell and Williams (1960), Poord and Lidwell 

(1975), Lidve11 (1981), and Schaidt (1975) atudied indoor 

'5 
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migration of bacteria and smoke in hospitals, the former beinq 

a con cern because of infection and the latter in cases of 

emergency where asphyxiation can be a problem. The studies 

performed outdoors dea1 most1y with plume tracking and 

dispersion, but the Occupationa1 Hea1th Unit, Medical Services 

Branch, Bealth and Welfare Canada (unpublished, 1980) and Lamb 

et al. (1980) look at the possibi1ity of contaminants re­

.ntering buildings. Brown et al. (1975), Cohen et al. (1969), 

éo11ins e~ al. (1965), Dietz et al. (1973, 1976), Drivas and 

Shair (1974), Deub1e and Broce (1979), Ferber and List (1973), 

Giroux et al. (1974), Lamb and Shair (1977), Niemeyer and 

McCormick (1968), Orgi11 et al. ~1974), Shair et al. (1977), and 

Start et al. (1974, 1977) have aIl published reports of 

atmospherie pollution transport studies with tracer gases. 

These studies, a1though not directly related to the present 

research, out1ine different gases and techniques associated 

with the use of tracers. 

The majority of building ventilation studies to date, 

have used the rate of decay method (see Section 3.2.1) for 

determination of the ventilation rate or the number of ACPH. 

Other investigators, e.g. Lamb et al (1980), have used tracer 

gases for local exhaust system performance evaluation. Knoepke 

(1977) and Owen and Seott (1967) used a traeing technique to 

determine the volumetrie flow rates in e10sed conduits . . , 
Laboratory hood system effieiencies have been determined by 

CapIan and Knutson (1982) and Cottman and Wa1cott (technica1 

bulletin). Nonetheless, ventilation rate or air infiltration 
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inve.tigation. have domin.tedà~udies involving tracer ga.e. in 

buildings. Th.s. .tudies have been carried out or inve.tigated 

by Coblenta and Achenbach (1963), Hill and J(usuda (1975), Hunt 
.. 

et al. (1976), Kallio.ki et al. (1980), Lagus (1977, 1978), 

'l'amura and Wilson (1963), and Warner (1940). In aIl cases, the 

studies deal vith the rate of decay as a function of the effecta 

of natural ventilation. 

Tracer gases and techniques have also been used in 

~ine ventilation studies. The aims of the studies were ta find 

volumetric flov rates in underground roadvays, the effectiveness 
. 

of fac~ ventilation, recirculation of contaminated mine air, 

leakage through mine stoppings and bulkheads, and the extent of 
" -

migration of pollutants underground. lCissel and Bielicki 

(1974), Matta et al. (1978, 1980), 'l'himona et al. (1974, 1974) 

Timko e~ al. (preprint), and Vins on et al. (1980) have aIl 

performed mining studies. 'l'he determination of the residence 

t~m. of ventilating air in uranium mines is outlined by Bros.ard 

~nd Associ&~es (1980) and by a study performed in Agnev Lake 

Mine., Agnev Lake, Ontario (1978). 

~ 
Many of the methods used vere combined and adapted to 

produce a method of evaluating the performance characteristic. 

of • ventilation aystem in an air tight building. 
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" 'l'h.re s.... to be general agree.ent on the de.ired . 

properties of a tracer ga.. Collins et al. (30) de.cribe the 

follow~ng~equireaents: 

nontoxic, Qdorle •• , and colorless even at 

,relati vely high eoneent~ations; 

gaseous at teaperatures weIl below ambient 

and po.sessing a low molecular weight to 

provide rapid mixing with air; 

... not likeiy 1;0 be foun~ in the atmospllere of 

coneern even in the parts per trillion range; 

cheaically stable tovards hydrolysis,.oxidation, 

and photolysis1 

capable of being easily disper.~d.into the 

at.o.phere of conoern at a •• a.ured rate, 

s .. pl.s ea.ily coll.cted by uns~lled vorker., 

... capable of being d.tec::t.d in th. part. per 

billion or trillion r.nq •• 

.' 

Siaply .t..ted, a tracer qa. i. any 9.s that can b. aix.cS vith 
, ., 

.ir .nd •••• ur ••• t very lov conc.ntr.tion. to yi.ld'.ir flow 
1 \ 

patt4P'U a.ft4 •••• ur •• ent.. An acJditiooal diaen.ion th.refore 

.si.t. in coap.rison to couv.ntioDa~·v.ntil&tion •• a.ur •• eDt 
. 

•• thods, th •• bility to •• a.ur. air aov ••• nt and tr.n.fer in 

... 
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heliua, carbon monoxide, carbon dioxide, .ulphur hexafluoride 

(Sr,), ethane, ~+trou. oxide., freona, and others, dates from 
, 

the 1960's. Table 6 ia a summary of the characteristics of some 

of the gases. Of these, SF6 and fr'eons have most of the desired 

qualities. Bovaver, the extensive use of freons - as 

rafrigerants, combined vith decreased detectabi~ity and higher 

" ambient concentrations, make it somewhat les. attractive. On 

the other hand, SF6 is used as an electrica1 insulator: 

therefore, there may be a background concentration in the 

vicinity of high power voltage facilitie.. One other possible 

disadvantage of SF6 is that it decomposes into more toxie, 

lease~ fluorides of sulphur at temperatures in excess of 550 oC. 

SF6 vaa diacoverad by Moissan and' Lebeau in 

approximate1y 1900 (2) and was first used as a tracer 9a. in 

1965 (61). Its physieal and chemica1 properties are out1ined in 

Table 7. Atmospheric concentrations of SP6 arl! les8 than two 

ppt by volume. Teflon, a substance used for its inertne8s in 

many ana1ytical chaaiatry deviees, has been found to ab.orb SP6 

(31) • 

sr, i. conaidered in.rt~ odorle •• , colorl... and non­

tozi~. Studi •• have'beeu performed on rata whera the nitrogen 

ln their at.o.ph.re vas raplacad with SPi (approxilllately 80' 
l 

.F,) and no ,.la •• ~f.ct. "ere Doticea (10). 'lhe 9a. ha. alao . , 

been ... ed in pulaoDary lanatioD te.ta "bere buaan. bad th.ir 
'~-' .' , 
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CAS KEASUREKENT' TLV 
- APPARATUS (vol/vol) 

-

ç 

\ 

H
2 

katharometer 4% (LEL). 

-
He katharometer -
CO IR absorption, SOppm 

GC with FID 

< 

CO2 IR absorpt n. !.OOOpp,m 
GC w1th TCD '-

SF
6 GC "itb ECD 1,OOOppm 

N1! IR. absorption 2Sppm 

ETHANE GC vith FID 3% (LEL) , 

-

• FREON GC vith ECD l,OOOppm 

TLV -'Threshold Limit Value 
JK - Infrared spectroacopy 
E~ - Electron capture de~ector 

~ 

JI. ... _,~ 'I~.:... ... ~';>,t!~~ 1 

,r--

DETECTION LIMIT TOXICITY CHEKICAL COMH.ENTS 

• 

• 

(ppm) INERTNESS 
\ 

200 nontoxic reacts to flammable. 
oxygen, explosive 
hent. flame 

300 " nontoxic nonreactive nonreacUve 

5 asphyxia reacts to can react to 
fla,me O2 in high 

. 
concentrations 

. and may exp Iode 

,1 nontoxie water -' 70 soluble 

-3 
'inert may proéuee .02 x la nontoxic 

toxie agents 
'at '7550oC' 

1 nontoxic water canf fOtJD ~ 
" 

<./' 'soluble explosive 
r.ixtures in ail 

5 nontoxie bums in mayexplode,in 
air ~2 and heat.or 

ElaDIo 

1 x 10-3 
nontoxie stable 

GC gas ehromatography 
TCD - therma1 conductivi~y·detector 
FID - 'flame ionization detector 
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MOLECULAR WBIGHT 146.07 SUBLIMATION POINT -64 Oc 

DENSITY GAS 6.60 DENSITY LIQUID 1.67 

PRBEZING POINT -51°C LOW TOX~CITY 

D8LB 7: PROPERTIES OF SULPHUR HEXAPLUORIDE 

C· 
51 
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lunga filled with an 80' mixture of SPi; again, no _ide effects 

were noticed. Bowever, at elevated tempe ratures ( > 550 0 C), SP6 

decomposes into sulpbur tetrafluoride, whicb is an extremely 

toxic substance w i th an ACGIB reco.mended Short 'l'erm Expoaure 

Liait of 0.4 mg/. 3. 

Electroneqative gases like SPi are particularly vell 

suited to detection by electron capture (SC) 9.- chromatography 

(Ge). Infrared (IR) apectrometry can also be used. 

r 
. j 
( 
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Bitchin and Wilson (18) outlined four tracer g.s 

method.: 

rate of decay, 

equilibriua concentration, 

tr~fer index, and 

.teady concentration. 

Table ~ outline. the.e methods and lista their .dvantage. and 

disadvantaqe.. Al thouqh the.e are the main technique. uaed in 

tracer 9aa studiea, hybrida of th.se have also been developed 

and tested. Por example, the Occupational Sealth Unit, Medical 

Servicea Branch, Sealth and Welfa~ canada (26) uaed a diluti.on 

factor to estimate contaminant concentrations in a building 

in caae of a cheaical spill. Thi. ia a hybrid of the 

tranafer index technique. Laab et al. (27) uae a aodified fora 

of the transfer index to determine the eff~ciency of pot g •• 

collectora in the aluainium indu.try. The equilibriu • 
• 

concentration and tranafer index m.thod. can he further u.ea to 

m ... ure volu.etric flov rate. in cloaed conduit. a. Knoepke (9) 

and Thimons et al (10) .howad. CapIan and Knut.on (47) 

describe a .ethod for avaluating the effici.ncy of laboratory 

hood.. 8oDethele •• , thi.. section concentrate. on the t.chnique. 
" 

'outli.ned by Bitchin and Wilson (18) becauae th_ repreaent the 

ba.i. to aIl studi.e. involviu9 tracer ga ••• for the purpo •• of 

ventilation evaluation. 
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TBCJDlIQUB -ADVJUJTAGBS DlSADVMlTAGES 

-
RATE OF - simple analysis. - po •• ible non-
DBCAY - rea.onable aamplinq exponential decay. 

period~ - difficUlty qett-
inq UDlfora aab~-
ent eonditiona. 

BQUILIBRIUM - single .e •• ureaent. - long period to 
COJICJüIfttA!l'IOIJ - traJUlfer index ean qet equilibriua 

be calculated. in an open .yatea. - can be u.ee! to - requirea a aoph-
.... ure volumetrie istieated r.l .... 
flow,rated in deviee. 
eloaed conduits. - perfeet IlÛ.xinq is 

- not required. 

~RAlJSFBR - perf.ct mixinq is - long s •• plinq 
1I1DBX not required. petiod or , - eaD be usee! to frequent -..pling 

.... ur. voluaetrie i_ required • 
> flow r.t .. in 

clo •• conduits. 
l' _ ean readily -

iDdidite recircu-
latiOll. , 

ISUADY - DO _ildng bypa- - .opbiaticated 
!l'lOB th_i •• r.l .... -deYiee. 

- equilibriUli eon- - •• aUllpt10n or 
centr.t1on 1s __ ureaent: of 
.ehi."ed aore aoure. 
rapi41y COIlceJltration. 
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3.3.1 ...... _ lIKAl' U ... 

The rate of d.C4Y ~.thod bas been one of th •• ore 

ext.D.iv.ly ulled tr.cer 9 •• t.chniqu... In thi. ,.ethad-, ~. '9a. 

i. r.leasad to achi.v. a,nearly unifor. concentration througbout 
• 

tbe ar.a of conc.rD .0 that the .ff.ct. of diffu.ion are 

.iniaal. One vay to enaure prop.r aising and 'the de.ir.d 

initi.l condition i. to r.l.... the 9a. tbrou9h the ventil.tion 

.y.tem vith all door. betveen roo •• open. Other techniqqe., 

•• pecially po,int relea ••• , .. y require .o_e _anual minng. Once 

the unifora concentr.tion ha. been .chiev.d, th. dec.y.of the 

g •• i. aonitored. 

Decay "ill occur accordiDg tOI 

(3.1) 

wber.1 Ct i. th. • ••• ar.d concentr.tion, Co i. th. initi~l 

concentration, and va i. th. v_tilation rat. (ACPB). Solv1D.9 

thi. equation for va gi"..i 

va - lIt ln CoICt (3.2) 

Plotti.D9 tbe ._aur.d coDcentration .... C.Il. ti.. on ••• 1-

loprithllic Fapb paper abou14 y1.14 a atraight li.ne who ... lope 

1a ~a1 to tbe ventilation rate if perfect .ixine) .xi.t.. I~ 

perfect aia.iA9 doe. not .aiat, the fQDctoion .ay DOt be linear. 
-"'08, pbeDoa_- l.i.ke recû.rcDlat:.ion ad tIbort circu1t.in9 shoah! 

" 
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be in ... t:.igated. 'ftl._ pbeno..... CUl bit aor. _i1y i4eDtified 

if ... plinCJ i. perforaed at .... J.l locatiOll8, vhiëh a1.0 .11011. 

tha d.teraination of the effective ventilation rate at the . 
different po.ition.. For in.tance, if an entire floor in a 

buildinq i. beinq inva.tiqated, .ulti-point .a.plin9 for the 
. " 

dacay of,. a tracer qa. can yield the effective ventilation rate 

for .ach ... plinq .ite a. vell •• the overall .. ntilation rate" 
'\ 

for the floor by averaqinq all r •• ult •• , 
. '-

3.3.2 BIll IIQOILI .. IOII etat 'AtJiA.lUœ 

( 
The ,princ,iple underlyinq the equil'ib-rium 

concentration method i. that releasing aga. at a continuous 

rate qi ve.
o 

an - equilibrium concentration throughout a 

ventilation sy.tem. The concentration reflect. the amount of 

ventilating air Py the equation: 

(3.3) 

wheres Rr 1. the rate of eml.slon (m 3/s) ~nd Ceq 18 the 

.quilibri~.'concentration. If mea.urementa were t~, be made 

tbrou9qout the area belnq evaluated, effective ventilation rate a 

could be deter.ined. Furthermore, thia method lends itself to 

the deter.ination of volumetrie flow measurements in closed 

conduit. where the gas is released into the conduit and measured 

further dovnatream. Q, a. found by Equation 3.3, represents 
1 

the.voluaetric flov rate. The equilibrati~n per~od ia much 

decr ••• ed in thi. instance. 
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Tb. ..jor di •• dv.~~.9. of th!. .etbod6 •• pecially 

wben d.alin9 with a relatively .xpe~.iv. 9a. lU,e 81'" i. that . 
• quilibriu. concentration take. a long ti.e to achie.a when 

fiDding,effective ventilation rat •• and con.equently, a lot of 

9 •• i.,ua.ci (18). 

3.3.3 .. ,.. ...... 1 ......... 

- ~he tra.n.fer index method vi-es wit~ the' rat. of 
~ ,. l' 

aecay •• t.'hod in popularity. It ha. be.n u.ed in a va~iety of 

ventilation atudie. ranqinq from cros. infection atudies in 
l ' 

hospitala (22) to volumetrie flov rate .easurements in 

und.rqro~nd mines (12). Thi. method involves the release of a 

known amount of ga8 and the me~surement of the ,time integral 

concentration at points throughout the system being studied. 

The' transfer index (TI) is expressed as: ' 

13.4)' 

where: QR is the amount of qas released (m 3 ). The effective 

ventilation rate (m 3/s) is given by the reciprocal of the TI. 

IEquation 3.4 can be r.educed to a form which Thimons and Kissel 

(12) used to find volumetrie flow rates in underground mines:--

(3.5) 
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wb10b 1. equ1valeat, tOI 

" 

(3.6) 

wbere, Q repr •• ent. ~h. volumetrie flow rate. 

----Taking .a.ple. at giv.n int.rval. and averaging tb •• 
• 

for the calculation .ay tell an inv •• tigator more a~ut the 

ventilation sy.tem in que.tion thail one time-weighted average 

sa.ple. Por instance, it indicates the amount of time require 

for the tracer 9as to reach a particular area or w 

.recirculation begins in a ventilation ayst;em characterized 

it. 

" 

3.3.4 

~ 
1 

1 
\ 
\ 

The steady concentration method combines the tran.~er 

index and equilibrium concentration methods. The tracer gas ~ 
released at a controlled rate, which re~ults in a~~~ 
concentration at the source, and, the gas concentrl.{tion ia 

measured at other points. When the concentration at a~y point 

becomes steady, the transfer index can be calculated byla simple 
1 

ratio of the two concentrations. Again, the TI can ~n turn be 

uaed to find the effective ventilation rate (m 3/s). ) 

Controlled injection of the tracer ia very important 

when uaing this method, which consequently require. a 

aophisticated relea'se apparatus. 
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In the p •• t, ·atendard •• tbod. have been a~opte4 by 

differ.nt profe •• ional orgeni.ationa for tbe t •• ting of 
... 

v.ntilation .y.t.... Tbre. auc~ orgeni.ationa- are AS8RAB, 

ACGIB, and tb. Briti.h Standard. In.titut.. Although' the 
'u 

,-. / 
adopt.d practie ••• ay not alway. be the •••• , th ••• u.ually, 

agree fair1y welle 

preaented below. 

only the.aore wide1y u.ed .ethod~ are 

3.4.1 Plm'I lJ!UU8 .., AlJl l'LOW ~ 1. CL08BD 
C01IDU:Ift .. . 

f 

Although pitot tub.~ ar~ not the on1y in.tru.ent. 

aV,ai1ab1e ,for air f low meaaureDlenta in, ducting, t.heae are a· 

primary mea8uring deviee and the theory behind their uae extenda 

to the other inatruments uaed. Various e1eetronie and 

meehanieal instruments whieh aerve the sa me purpose .exi.t., 

Bovever, the.e are seeondary meaauring instruments and require 

calibration. Their main advantage is that instantaneou. 

,readinga can he obtained. 

A pitot tube is uaed -in conjunction with a manometer 

to give pressure measurements in>side of e10sad c9ndui ts where 

the velocity is greater than 3.05 mis. It is inserted into a 

duct 80 that the measurinq end is parallel to air f1ow. Total, 

atetic, and ve10ci ty pressures can be measured: however, 

veloeity preaaure is used for vo1~metric f10v rate 
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detenliDatioa. Ohe. t:Ilia ia ....urtId, t:be _locit, caD be foaDCl 

~1a9 ~tioD 2.25. 
( , 

Oft.n, centr."line •.••• ur ••• nt •• re •• de and a 

perc.nt.g. (80 ta 90.) of tbe valu. i. app1i.d •• an 

a"pro,xi •• tion of tbe .verage duct v.10ci tf pre •• ure. If .ore 

.ccur.ta r •• u1t., are r.quir.d, tb.n • tra .. r ••• bou1d be •• de 

and r •• u1t •• ver.gad. Pi~e 13 abow. tr.y.r •• point. for,both 
. 

circuler and .quar. ducting a. autlined by the ACGXa. 

3.4.2 

\ 

Tb. n'uab.r of ACP8 in a .tructur. can be d.ter.i .. ed 
" 

in a variety of "ay., .0 •• b.ing .or. e.pirical tb.n other •• ne 
.. .. . ~ . 

• o.t •• pirical •• thod i. d •• cribed in tb. ASàJlAB Book of 
• 

Punda •• ntal. (62). In tbi. t.chnique, a ventilation rat. of a 

roo. i. a •• u.ed according ta it. r.lative po.ition in tbe 

.tructure and tb. nu.b.r of 4etor. and vi.ndov •••• oci.ted vitb 
, ~ 

i.t. Tbe av.ra9~ air excbange rat. of all roo.. can tb.n ~ 

applied to th. building ta give'an av.rall ;.atilation rate • 

. 
Th. crack, or co.panent, .etbod i. anotb.r technique .-

u •• d ta d.ter.in. v.ntilation r.t... ..r., tbe inve.tigator 

locat.. all crack. or openinga in • atructur. and .apr ••••• 

tb ••• a •• n .quival.nt l.ngtb. ~h. a.ouDt of infiltr.tion 

throu9b .. ch cr.ck i. then calcu1ated (19). ft. total .. ount of 

infiltration giv.. th. ACP8 for ~ •• tructur •• 

2be la.t-.etbod, .a.eti ••• a.11ed the aqu!y.l .. ~ 
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pJ:oper in.trUllentation. A large fan i. placed in a "indo" or 
J . 

anottaer opening in the building and a11 crack. and opening. are 

••• led. ~h. fan i •• tartecl and .et at a given pre •• ure. With 

the pr ••• llre constant, as the .eala are re_oved .. the incr.aaed 

f10. rate.through the fan repr •• ent. tbe'infiltration tbrough 

crack.. Con •• quently .. the .,ztent to whieb a crack or a _t of 

crack. contribute to the ovar.ll infiltration rate can be 
o 

deterained. Raving aIl the .aal. r_oved yield. the ventilation 

rat. for the entire huilding_ On the other band, the flo. rate 

vith aIl .aal. in place give. the infiltration through walla, 

building _ateriala, etc. 

Tbe .athod. da.cribed abc.e can only be u.ed iD the 
() 

ca •• of natural ventilation. Tba only conventional •• y of 

4eteraining ventilation r.te. in a haraetically .ealec! building 

i. to •••• ure the a.ount;., of fr •• h air entaring the .echanieal 

ay.te. • •• uaing even di.tribution. Thi. quantity divided by the 

voluae of occupied .pace, including the plenUll, give. the ACPB.-
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4.0 ".eM cas ftUDDIS .aD ailllJDOLOGDIS 

. Althouqb tracer gas t,ecbniques have been widely used 

in a variety of building ventilat~on studies, as a rule,. only 

one aspect of a system has been evaluated. Knoepke (9) found 
. 

the flov of flue ga.es in an industrial setting an~ 

coapared the result. obtained vith results of pitot tube te.t •• 

Tbe average difference was 4' but only five tests are 

reported in the pÙblication. The rate of decay method bas been 

used frequently to find ventilation rates, and C,oblentz and 

Achenbach (6), Bill and Kasuda (49), and Tamura and Wilson-(8) 

have compared this method té those outlined by ASBRAE vith 

varioQs conclusions. As yet, n'o work ha. been done c.ombining 

these tvo types of studies to give a more aetailed description 

of the performance of a given ventilation system. 

To arrive at a procedure that would combine the rate 

of decay, >transfer index,~ and equilibrium concentration metbods 

for a more tborough examination of a building ventilation 

system, both laboratory and preliminary, field investigatiQns 

were necessary. The laboratory vork involved the release of a 

gas into a du ct system to as certain volumetrie flov rates. Tbe 

experimenta vere repeated until reasonable confidence in a 

method of releaae and sampling was assured. The preliminary . . 

f leld work vas performed as part 'of a much larger study vhich 

dealt vith, in part, finding decay rates of a tracer gas in an 
. 

éoffice environment. Thia provided a forum for working out 
~ 

datail. and di.covering field relat.~ probl... to he anticipated 
o 

,1 
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-/ 
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and accounted for in the final protocol. Not a11 the resul~of 

the preliminary work are presented, but those that exemplify the 

critical phenomena encountered in tracer gas stuàies are given 
" l 

in Chapter 5. Once the procedure was finalized, it ~as tested 

five times. 
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4.1 VOLUIlftJUC 
oocn.G 

The objective of laboratory studies was to 

develop and validate a procedure using the equilibrium 

concentration method and SF6 to measure volumetrie flow rates in 

ducts. Once developed, this would be adapted and uaed to 

measure flow rates in ductinq in a buildinq. 

The investiqation concentrated on the methods of , 

release and samplinq. The low volumetrie flow rates in the 

laboratory system required a SF6 standard of about 12 ppm to he 

used as the tracer. This ensured that the release rate could be 

weIl quantified. Pure SF6 required release rates that were tao 

low to be accurately measured 'vith available equipment. Two 

types of samples were collected initiallYi syringe and.bag , 
.' 

samples. The syringe samples represented point or instantaneous 

measurements and the bag samples a two minute time weighted 

average. The syringe method vas quickly discarded as time 

dependent errors became evident. 

The flow rates obtained with SF6 were checked against 

thoée found vith a hot wire anemometer. Although it wou Id have 

been better to use a primary air velocity measuring device, lov 

puct velocities made it impossible te use pitot tube traverses. 

The hot wire anemometer vas calibrated aqainst a pitot tube in a 

Iaboratory wind tunnel at velocities .in excess of 3.05 mis and 

~iS ca~ibration factOr vas assumed for the lower velocities 

measured. 
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4.1.1 BQODIIDI!' 

The laboratory duct system (Figure 14) was made of 

galvanized 0.15 m (6-) diameter stove pipe with aIl joints 

cau1ked with silicone to prevent leakage. \ It consisted of four 

branches, aIl of which were under negative pressure when 

operating. The fan was a 7457 W (10 hp), 1500 rpm, 0.18 m (7~) 

diameter centrifugal type. The air was exhausted from the 

laberatory through a corrugated plastic tube to prevent Any SF6 

contamination of room air. Sampling ports were installed as 

indicated in the figure. 

For SF 6 re lease, a 0.1 11 3 plastic bag of an 

approx11lately 12 ppll standard was used along with a Gillian .. 
high/low flow personal samplinq pump. Tygon tubinq connected 

,,--. 
the bag standard")o the pump and f~d the SF6 into one end of the 

duct system. 

Sampling was carried out with Gillian pumps and 

alu~inized qas sampling bags. An Alnor hot wire anemometer was 

used before and after the tracer gas tests to determine air 

"eloci ties for comparison. ' \ 
The SF6 analysis was performed using a Varian 3700 

gas chromatograph vith an EC detector (ECD) and a 0.5 nm 

molecular sievè column. Syringe injections were used. A 

.--~----~------------~----------------~~--~~~~~~--~------~------~~----------.... -
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calibration atandarda, a .. etronica DyDacalibrator 340 atandard 

generator outfitted vith SP, perlleation d."icea v_ uaed. 

iDvolved: 

Tbe procedure arriv.d at through initial t.atiu9 

rel .... atandard preparation (Appendix III), 

Ge calibration. (Appendix IV), 

actual teatiug, 

aaaly_i8. 

The;::::aae atandard va_ generated over a p.riod of 

three daya at an approximate flow rate of 3.67 x 10-7 .3/a (22 

ml/min) whicb was checked five ti.ea. A time weighted av.rage 

flow was used to calculate the final concentration of 11.8 pp •• 

The Gillian pump used to release SP6 into the laboratory ayatem 

was calibrated at 1.67 x 10-5 m3/s (one lpm). Between the 

,~ initiation of the release and samplinq, the hot wire anemometer 
.-

was used to make a five point traverse at' the three sample 
, 0 

locations while the SF6 was allowed to equilibrate for at ,le~st' 

two minutes. Baq samples were then collected at an approximate 

rate of 1.67 x 10-5 m3/s for two minute intervals. Each test 
, 

spanned 16 minutes, and samples were collected at ports one, two, 

and three from: -

o to 2 minutes, 
o , 

7 to 9 minutes, 
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- 14 to 16 .inut.s. 

Tbi. vas r.~.ted tbre. ti.es and betveen each test, tb • 

... plea vere analy •• and the bag. fluahec! vith sero air. Rao. 

air ... pl .. vere collected occaaionally througbout the te.ting 

to en. ure t~at tbere vas no SPi conta.ination. At the end of 

th. tracer g •• te.ting, the ~.eter va. again ua.a for ~iv.­

point tr.ver •••• 

Tbi. procedure gave air ve1ocitie. befora and after 

te.ting and 27 volua.tric flov rate m .. sure •• nta (nine at .,ch 
f 

location). Tbe air velocity m .. aure.ent. vere ea.ily converted 

to flov volume. by ault+plying by tbe cro •• sectional ar •• 'of 

the duct. The equilibrium concentration methrd ~a. uaed to 

determine tbe volumetrie f low rate 'm3 1.) at _acb .ample 

location by the equation: 

Q - Rr,Catandard 

Cmeasured 

(4.1) 

whieh ia apIDodified f'orm of Equation 3.3. The volumetrie flow 

~ate at location f?r could be found by simply sUb,tractinq the 

flow volume at t~ from th~t at position one. 
o 
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4.2 onxca a.n.a ftUDY 

The office complez inveatigated conaists of three 

office tovera and a hote!. A promenade occupiea the firat two 

floors of the office towera. The complex ia hermetically aealad 
, 

for energy effeciency and ia made of concrete ~ith prefabricated 

insulated eaternal walla and a brick facade (63). The tovera 

are ref'erred to aa east, central, and north (Pigure 15). The 

.. st tower can he divided into two ~rta, with t~e centre acting 

as the northern wing of the aouthernmoat part. The north tower 
, 1 

has 28 floora of office apace, the central tower aeven, the 

east tower 18. Because of the terraeed nature of the cODlplex,\_~ 
-\ 

,/ :-
floor plana change with rea~et to heiqht. r ,_.' 

f 

1 r 
The BVAC system i. variable air volume (VAV) whieh 

means that the amount of ventilating air aupplied to an ar a ia 

a funetion of the ambient temperature in that area. A the 

temperature risea, a thermai aen.ing unit opena a lineJr a/ 

diffuser, allowinq in more cooling air. This oecurs ~th 
aummer and winter, even though outatde air ia heated in the 

winter and cooled in the aummer. Each floor' is divid~d into a 

perime~er and an interior zone. Originally~ the perimeter zone 
o ~ 

waa desiqned so that-the diffusers would always operate at some 

40% of their total capacity to minimize the effects of heat 

transfer across windows, whereas the interior diffusers would 

shut completely when the ambient temperatures reached acceptabl~ 

levels. This has been reportedly changed and aIl diffus ers 

remain at least 40\ open (63). 
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Pr •• h air handlinq .y.t... ara locate, in the 

penthou ••• of th. north and .a.t towera and in th. ba •••• nt
r 

of 

the central tower. Tvo auxiliary handling unita exi.t ~ the 

lOth and 14th f100ra reapectively in towera eaat 1 and ea~ 2. 

'l'he out.lde al'r , once condit'ioned, ia aupp1ied to •• chanic .. l 
, 

roo.a on each f100r where it ia co.bined with r.circu1ated air 

and redi.tribut~ to the workp1ace.. A typical roo. ia .hown in 

Pigure 16. The f100re of the north and central tower. are 

.erved by one .echanieel roo •• ach, wh.rea. on th. 10wer, larger 

floora of the east tower., two .echanical roo.. are ua.d. 

The.e ventilation cor.. are al.o ind1cated in P~gure 16. 
,J 

Th. fr.eh air handlinq ayate.. are 1 dea19n ed ta 

.upply. 7.1 x 10-5 .3/e (0.15 cfa) of out.ide air p~r 9.3 x 10-2 

m2~(one ft 2) of occupied floor space. '1'his~. equivalent to 7~1 

x 10-3 .3/e (15 cf.) of outeide air par peraon if the occupant 

denaity ia one person per 9.3 .2 (100 ft2). 'l'hie ahould provide 

.or. than one ACPB of outeide air throuqhout the offices. At 

the same time, at least 3.2 ~ 10-4 .3/s (0.67 cfm) of 

recirculated air per 9.3 x 10-2 m2 of office area ,is also bein9 

supp1ied. More air is supplied to the perimete~ zone than fO 
t-he interior zone with an average of 3.9 x 10-4 ni 3/s (0.82 cfm) 

of air per 9.3 x 10-2 m2 of office area circulating through th,e 
\ .... 

mechanieal ro~s to the occupied areas. The system is designed 

to deliver more than five ACPH of total ventilating or primary 

air. 

Workroom and general exhaust airris_exhausted thro~gh 
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I-duct ha.t exeh.oqe unit. to recov.r .0 •• of ita b.at balore 

diacharging it outdoora. 
- .. 

In tbe au..er, thi. aey serve to cool 

ioco.iog air of t •• perature. in exce •• of 30 oC. The Z-duct 

.yst.. included by-pass dampers which allovad the aixing of 

general and washroo. exhau.t vith inco.ing air under ext.re •• 

vinter condi tiooa to prevant fr ••• ing of the unit. A previous 

iDve.t.i9~tion of the ventilation syate. ahowad leakaqe bere, and 

the daapers .ere .ealed .but to prevent re-entry of eabau.t air 

(63) •. 

•• 2.1 'lI8KLIaDIIIŒ~ 

Preliminary te.ting waa carried out on ni ne floors 

tbroughout the office complex •• li.ted Appendix V. 
, ' 

The 

objective of these -test. ver~ twa-fold: firatly, to find decay 

rate a vith the rate of decay tracer 9a1l me1M'1oQ ao that floors 

could be ranked on relat.ive ba8i~ as a part of a much larger 

atudy; and. aecondly, to investi9a~e re;Leaae anç samplinq 

parameters so that a ~rocedure could be developed for 

ventilation performance evaluation. 

-
To find effect~ve -ventilation rates with the rate of 

decay method, SF6 was released over a one or two minute period 

throuqh the ventilation system on a qiven floor. The d'ecay of 

the gas was monitored over a four hour period at several sites 

in the workplaces. 
l<ll , 

The inv~stiqation of samplinq and release 

74 
') 

, ( 



• 
para •• tera, ao that a tracer 9a. teat could be developed for 

, 
perforaance evaluation of ventilation, included: .ample timing, 

method., and perioda and release mechanisms. These aampling 

paraaetera are iaportant in tracer 9as studies becauae the.e 

have to he uaed -to pJ;ovide the moat information po •• ible. 

Different approachea to aUl~ yielded the optimum technique 

for the av.ilable equipaent. A variety of releaae method. vere 

atudied for uae vith the equilibriua concentration and tran.ter 

index technique. to dater.ine fr.ah and pria.ry air .~pply 

rates. 

4.2.1.1 .QOXP~ 

Por the rele.ae of the tracer ga., different 

equipment c~n he uaed. A 9aa cylinder of SP6 ~10n9 with a flov 

meter ean hé used for large, non-specifie rele.aea, but for aore 

preciae work flov metering, valves ahould he uaed. Th •• e 

were tested. 

Samplinq was carried out uaing personal air 

s~mpl\nq pumps outfitted with a samplinq manifold. The manifold 

incorpQrated solenoid valves which weré activated by a Du;ant 

6450 programmable timer. The t~m~r was'l:ocated centrally and 

transmission cable ran to each sample sité. Plastic bags vere 

uaed'te èollect air samples. 

A portable Analytical Instrument Oevelopment (AID), 

Inc. gas chromatograph 511-60, an ECO and a 0.5 nm molecular 

sieve column outfitted vith a Hewlett Packard 3390A integrator~ 
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vere used for analysis of SP6' Samples vere dravn through a 1.0 

le 10-6 m3 (ml) qas sampling valve or injected manually. Both 

methods gave similar results (outlined in Section 5.3.2. A 

Metronics Dynacalibrator 340 with SF6 permeation devlces was 

used to generate gas standards. 

Procedures varied from test to test and are 

apecifically outlined in Appendix V. Alter attempts to quantify 

fr.sh and primary air supply rates vere performad, floors vere 

flooded vith SF6 to a near1y uniform ambient concentration. This 

vas achieved by releasing the gas into the m~chanical room and 

waiting long enough for the concentration to peak ln th~ 
" 

The ,release"had to be'repeated in aIl co~es 

........ _....,S"'lg.p~~~ ..... -p.iI-E~~lar f loor. The volume of gas released in a 

given core depended on the vol~me of ,the floor influenced by 
\ 

the core. This ensured uniform irtitial conditions. The decay of 

the gas was then ~onitored at eight sample locations (four 

interior and four per~meter zone). When th~ measured SF6 
:,--

concentrations vere plotted as a function of time on semi-

logarithmic graph paper, the slope of the line gave the 

effective ventilation rate (Section 3.3.1)~ 

erratic. 

, { 

h air and recirculation rates testing was. also 

part of the investigation, but results vere 

these rates, the equilibrium concentration 

often. Pure SF~ was released in the fresh 

.. : .... 
76 



j i 4 1. ... 9 MU!2hac;w: 

air'supply duct and sampies vere colleeted downstream in t~e 
,"/ , 

duets to refleet the amount of fresh air beinq supplied, and on 

the opposite side of the fan supplying air to work areas, to 

reflec~ the amount of reci'lulated air, which is the dif~erence 

of the primary and fresh 'ir supp1y volumes (see Figure 16). 

~mplinq was done first to find reeireulation rates so that the' 
l . 1 

SF6 d1d not have time to re-enter the meehanieal room with the 

reeireulated floor air. This can lead to erroneous reaulta 

(dise~ssed in Section 5.2).' Oceasional,ly, a similar procedure 

was emplo~.to find r.cireulation r~tes with the tranafer index 

method, the only difference being that a known volùme of SP6 

was instantaneoualy released in the meehanieal room. In theae 

instances, this testinq preceded the teating to determine 
Q 

fresh air supply rates. 

4.2.2 

! 

The 28th flooE in the north tower was chosen for the 

testinq of the finalized procedure described in Section 5.1. 

The floor is approximately 27.9 by 42.5 m (92 x 140 ft) and is 

about 3.5 m (11.5 ft) high, including the plenum above the false 

ceili~9. The occupaney apaee ia equal to about 920 m2 

(9900 ft 2 ). Total design ventilating air to the perimeter zone 

ia 3.0 m3/s (6350 cfm), or 5.2 x 10-5 m3/8 (1.1 efm) .... per 9.3 x 

10-2 m2 (one ft 2 ) of oeeupied spaee! and to the interior zone is 

'1.8 m3 /s (3730 efm) or 4.2 x 10-4 m3/s (0.9 efm) per 9.3 x 10-2 

':: 
of oecupied spaee. 

b , 
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A plan view of the floor (Figure 17) shows the types 

of offices present and the sample locations. 

The objective of the tests performed was t,a show that 

the procedure adopted as a result of the preliminary work can be .. 
u8ed to determine: 

.. 
\ 

" , 

effective ventilation rates using'the rate'of 

decay method, 

overall ventilation rates using the average 

of the above, 

the primary air supply rate using the transfer 

inde]' technique'b 
, 

the amount of fresh air supplied to tQe floor 

)~ usinq the equilibrium concentration method. 
. 

the percentage of recirculati~n usiog the last two 

results. 

Fresh air supply rates were also found by the conventional) pitot 

tube traverse t~chnique. 
• • 

Because of the construction of the 
~ 

fresh air supply ducts, it was ~ecessa)ry to use only the 

effective area 'of the ducts as d~termined by the pre~re . 
measurements. Poraexample, results found behind baffles were 

often zero and th~refore, those were discarded Along with their ~ 

zone of influen~ in subsequent calcu"lations. ~~9 c::orrections 

for temperaturl and humidity we~e made b~cause the additional 1 
, 

uncertainty in,troduced into the resul ts' is. minimal, comparea to 

the 
, 

uncertainties inèroduc~d due~ to the posi~~on of the 

. ~ 
J, Z .. 3.; , 
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traver •••• 

.. 

'ftur:ëltMlrtical cbeaistry equipaent eaployed vas the 

•••••• tbat aentioned in Section 4.2.1.1. Tracer CJ •• release 
\ 

v.. a~hieved in tbree ways. Por freah air supply rate 
-"\ calculation., a 9100 pp. ga •• tandard v .... -relea.ed into the tvo 

ducta vith a Devilbis. electric puap. Knovn volu.es of sr6 vere 

relea.ad vith a plaatic 5.0 x 10-6 (50 'Ill) ayrinCJe to deteraine 

both effective ventilation and pria.ry air .upp1y ratea. 

Purtheraore in aoae inat.ncea, SP6 w •• rel •••• d froll a 9a. 
~ 

cylinder throu9h a t"o atage reCJulator vith an in line f 10v 

a.terin9 valve to initially flood the floor vith the 9&8 tOt fine! 

effective ventilation ratea. 

Bag .. apl ••• ere collected vhen finding the fr •• h air 

.upply rates and ayringe-.a_pl ••• ere uaeG for pri.ary air 

calculations. 80th tbe •• -technique. v.re •• ployed in the rate 

of decay aethod after • co.pari.on of the tvo proved f.vorabl •• 

'lbe proi:edure ta det.ra& 'IOlwaeuic flov rat .. of 

the outaide airl the •• oant of recirculatea .ir and t~e 
.ff.ctive ventilation rat.. at a.lected ... pl. locations vaa in 

tbr .. parta, excludiD9 analytical "ort (Appendice. IIX an~ rn. 

It " •• firat n.c •••• ry to prepare, a 1.0 Il 10-2 .3 

,80 l' 
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(l0 1) bag atandard to be uaed for outaid'e air aupp1y rate 

mea.urementa. The concentration of the standard v.a deter.ined 

by the expected voluaetric f10r rate in the outaide air aupply 
" ducte anel the linear ,range of the Ge to be u.aed. Pot exa.ple, a 

syate. handling 4.7 .3 la (10 000 ,cf.) at 20t Ou.1;aide air would 

require a 2832 pp. (0.28~) standard of SP6 to be' relea •• d at 

1.67 z 10-5 .3/s (one lpa) into the aupply ducta, if the 

perim.ter and interior 80nee vere aupplied separately and 
\ ,--

equa1ly, to result in a concentration of 100 ppb in the ducte ae 

determined by Equation ".1 . Once this and analytical 

pj8paratory work was completed, the first step ~as to release a 

knovn volume of SP6 into the mixing room close to the fresh air 

8upply ducts and to sample on the supply side of the floor fan 

to find the primary air supp1y rate. Timing of the samples was 

very important and had to be done as quickly and as often as . . . 

posaible after the release to ensure that the effects of 

recirculation could be pinpointed. The initial volume released 

again dependa on the linear range of the Ge and the amount of 
,~ , 

primary air ventilating ~he o~fice sp~ce. As reflected by 

Equation 3."i, the amount of,'gas released, QR' had to ensure that 

the average concentration was composed of no single sample 

concentration above the linear range. 

Rext, uainq the equilibrium concentration method, the 
• Q 

aaount of freah air entering the mixing room was determined • 

•• circ~lated SPi had no bearing on this aspect of the study 

unl... it recirculated back into the building through the fresh 

air bandliDg unit. !berefore, background samples were taken as , 
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a cbeck. A .iailar procedure for volu •• tric flo_ rate 

deteraination vith th •• quilibriua concentration a.thod ha. 

alr_dy beeIl tboroug'bly outlined in section 4.1. . . 
~, 

At this auge, the .. ount of priaery air aupplie4 by 

th. a.chanical rooa and the aactunt of freah air auppliea have 

been deterained .i'lh th. _ tran.f.r index and .quilibri-ua 

concentration .ethoda respectively, using lquationa 3.' and 4.1. 

The difference betveen the t_o repr •• ented the quantity of 

recirculated air. 

The next releaa. vas u.ed to flood the vort ar.aa 

vith SP, ao that deeay rate. could be cale~at.d. 'l'hi. va. 

achieved by releasing' pure SP, through a tvo-atage regglator and 

a flow metering valve or by relea.inC) ayringe. full of the ga • . 
in the meehanieal roo.. 'l'he ga. was relea.ed throughout the 

roo. ta en.ur. that equal diatribution betV.~1I tb. perimeter ua 
interior zobes occurred. -Tbe voluae releasad va. calculated as 

a function of the volume of the floor includinC) the return air 

~enum. The ratio of the tvo yolua.s should not excede th. 

~apabilitie. of the Ge but ahould be hig'h enough to aecount for 

th. inherent error related to C).a c~ro.atographic t.chnique. 
\ 

(Section 5.2.2). 

/ 
To define the decay of the tracer ga., four s.apling 

sites were aelected (PiCJUre 17) and samples vere gathered every 

half bour a!ter a one hour equilibration periode Initially, 

two minute bag samples were collected but during the last thee. 

daya of testing, grab syringe samples at the same intervals vere 
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5.0 -.naS AllO Dl:SCUSSlœ 

The primary aim of this research was to develop a 

•• thod to evaluate some of the performance characteristics of a 

BVAC system using a tracer gas (SF 6 ). Bence, building 

ventilation systems were studied on a f100r by f100r basis to 

determine effective ventilation rates, the fresh air supp1y rate 
# 1 

and th~ percentage of recircula tion, a11 of which have a 

bearing on the qua1ity of the ~ork environment. The equi1ibrium 

concentration, transfer index, and rate of decay methods, 

outlined in Section 3.4, were used. The procedure was di vided 

into three stages: SF6 re1ease, sampling, and ana1ysis. Each 

p1ays an important ro1e in the resul ting accuracy of the 

~"\ evaluation and consequently, deserve attention. 
, l 
1 ,/ 
,,/ 'l'he resu1ts from both 1aboratory and field 

investigations show that SF6 or another tracer gas can be used 

to quantify some of the operating parameters of a building av 

system. 
,.,...----... 

In fact! tracer gas measurements substit~te for pitot 
, 

tube ve1oci~y~&Urements and can be readi1y used to find 
r 

effective v~ntilation rates at seyera1 locations on a f1oor. 
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5.1 A '!'RACBR GAS IIB'!'BOD POR V •• 'rl:LAIJ'l:OR PBJlPORJIAJICa. 
BVALUA'I'l:OB J 

Although the exact p~ocedure outlined in Section 4.2.3.2 

ia specifie to the 2S th floor of the complex studied, the 

generalized steps outlined in Figure 18 can be adopted for use 
, 

in any building. The three principal ventilation performance 

characteristics ascertainable by this procedure are: primary 

and fresh air supply and effective ventilation rates. From 

these, the amount or percentage of recirculation and the overall 

ventilation rate for a given floor can be found. 

It is important that the steps be performed in the order 

indicated in Figure l8~for a cduple of reasons. Firstly, when 

using the transfer index.technique to find primary air supply 

rates, the possibility of SF6 re-entering the mechanical room 

from the work places has to be minimized or at least postponed 

until weIl into the test when it can be ea8ily detected. 

Performing other tests before this necessitates sampling for 

residual SF 6 that ean overwhelm the subtle changes in 

concentration that,mus~ be deteeted for the primary air 

measurement. Secondly, monitoring for the decay of SF6 ta find 

effective ventilation rates is not possible if while the gas is 

deCaytng, -~a-n-tn"'estigator eontributes ta its concentration by 

" performing other tea~~ in the mechanieal room. These two facts 

require that the equilibrium concentration method to 

find fresh air supply rates he performed in between 

the other two tests. Portunately, it is ideally 
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GC CALIBRATION AND 
RELEASE STANDARD PREPARATION 

, 
" 

{ , 

~LEASE OP A KNOWN VOLUME 
OP SF6 NEAR THE FAN INTAKE 

,-
PREQUENT GRAB SAMPLING 

IN ANY DUCT DOWNS'l'REAM OF THE 
PAN FOR FLOW RATE DETERMINATION 

BI THE TRANSFER INDEX METHOD 

RELEASE OF SF AT A KNOWN RATE AND 
CONCENTRATION INT0

6 
FRESH AIR SUPPLY DUCi:TS 

AND COLLECTION OP REPRESENTATIVE SAMPLES 
DOWNS~ '1'0 PINO THE FRESH AIR 

SUPPLY RATE BY THE EQUILIBRIUM 
CONCENTRATION METBOD 

-L _~ 
RELEASE OF A 'imOWN VOLUME OP' SF 6 

ON 'l'BE NEGATIVE SIOE OF THE FAN 
TC nOCD THE PLOOR WITH A UNIPORM AMBlENT 

CONCENTRATION AND ALLOW FOR PROPER 
EQUILIBRATI.ON 

MONITORING OF THE OECAY OF THE SF 
AT WOU STATIONS OP INTEREST '1'0 PI§o 

EFFECTIVE VENTILATION RATES BY 
THE RATE OP OECAY METHOD 

" 

1 ARALYSIS OP SMPLES 1 

nov CJWtIr OF TMCD GAS paOCBDtntB TO aB DSBO 1. 
v..rILAIfIOli PDI'OIlMAIICB BVALOATION 
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suited to this sequence. Because this test is performed in the 

fresh air supply duct, resid~al SF6 will not affect the testing, 

, although if there is sorne chance of SF6 recirculating into the 

penthouse,fresh air handling unit, which can sometimes occur, a 

background sample should be taken to identify its effect on the 

measurement. In Most instances, the contamination will be 

negligible, as is attested to by the resul ts presented in 

Section 5.1.1. Finally, even though both the equilibrium 
Jj, 

concentration and transfer index tests result in an ambient 

concentration of tracer gas in the work places, it is normally 

quite minimal and can be easily accounted for in the final . , . 
release used to flood the work places with SF6 to ensure that 

) 

the Ge's capabilities are not surpassed. 

To quantify the amount of SF6 needed to flood the ~ork 

places, the volume of floori excluding elevator, stair, 

mechanical, and electrical cores but including the plenum; must 

be used. The volume to volume ratio (SF6 : volume of floor) 

should be as high as possible without exceeding the upper 

detection limi t o'f the Ge. Tests found that releasing the 

tracer gas through the mechanical ventilating system distributes 

it uniformly to work places. In situations where this does not 

happen, auxiliary mixing May be requir1ed. This can be achieved 

vith portable fans. 

The linear range of the Ge also has to be considered 

when making preliminary calculations for tracer gas releases 

us.d in volumetrie flov rate me.surements, as mentioned 'in 
,;~ 
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• Section 4.2.2.2. ~he re~.a.e ga. qpnceotration and the 

anticipated' volumetric flov rate in the duct determine the 
. 

r.l •••• · rate or volume when using either the equilibrium 

concentration or tran.f.r index techniqu... It i. advised that 

anticipated ... pl. concentration., once an approximate duct f lov 

rate ha. be.n a •• ua.d, fall in the/mideSl. of th. Ge'. line~r 
\ 

range. This'1ends a deqre. of tolerance to prelimina~y 
\ 

calculation. and minimise. the chances of test failure. Pigure 

19, which can be usee! in these preliminary calcul,.tion., abows 

tb. expected sample concentration as a function of release 

standa~d concentration for a du ct volumetrie flow rate of 0.59 

.3/. (1000 cfm) at ~ ~elea8e rate of 1.67 x 10-5 m3/8 (one lpm) • . '''' 
~i. may see. quite specific but is in fact quite versatile. If 

1) 

th. anticipated volumetrie flow rate is doubled, the sample 

concentration is halved. If the release rate is halved, so is 

the sample èoncentration, and so on. 

The steps outlined in Figure 18 can be slightly modified 

to facilitate the testing of an entire building complex for 

.ulti-floor investigations. It is conceivable that air flow 

•• asurements could be made to ~ance a ventilation system and 
. 

that effective ventilation rates cou~d be obtained for a variety 

of work stations throughout a building. Care wou Id have ,to be· 

exercised in locating and timing of releases and sampies, and a 

thprough prior knowledge of the ventilation system of interest 

would be of utmost,importanee. --In a positively pressurized ~èptilation system vith 
\. 
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Ully br~.s .ach a. the one investit.tee!. in Bull,. Qaebec, the_ 

transfer index tecbnique could be used to calcul.te how auch 

pri •• ry air i. goin9 to the' interior "and periaeter son.. o~ even 

th~ e.ch duct in the- context of a .i.~9le test, ••• ulling 

prÔper 'a.pling instrumentation waa aveilable. If thi. ia not 

availabte, the ,equilibriua concentration techDique ca.n be used 

for te.~ng would ha". ta be don. 

Dn • ven,ti1ation syst •• such .s the one u.ed 

i lalSoratyzY, the equilibriua concentration aethod cau be 

u.e~o deteraine flow rate. in duct.. Releasing tbe 
/' 

tracer ga. at the extre.itiea of given branches wou1d .1low an 
, .' 

inv.stigator to balance and cb.ck snch ayatell.. Time ia not a 

~actor as ia the ca •• .,i th the tranafer index technique and 
~ ~ 

•••• ure.ent. n •• d Dot be taken aillultaneoualy. Sequ.ntie1 
" ••• pling while tbe g •• i. continuously releasad will 9i v. aIl 

, 

th. nacessary iD1omation • 

• 

\ 
~ 
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5.1.1 DftDJlDIM'XOil or nBSB· AIID PlUIIARY AD SOPPLY RAftS 
BD l'DCBItDGB RBCDCULA!'IOIÎ 

Volumetrie flow measurements in closed conduits usinq the 

equilibrium concentration method were successfu11y made in 

laboratory and field studies. However, attempts to find the' 

.mount·of primary air supp1ied to a particular floor with this 

method proved unsuccessful, probably due to the openness of the 

mechanical room and recircu1ation. The trànsfer index technique 

was uséd instead with promising results. 
_ t' __ 

In the laboratory, the ~quilibrium concentration method 
f 

va8 used to determine volumetrie flow rates in the local exhaust 

system described in Section 4.1.1. The results are tabulated in 

Table 9 and the averaqe diff~ence between these and results 
',f 

found, with a hot wire anemometei-was an acceptable 
• ~' j -

9.6%. Usinq 

this method for volumetrie flow rate determination in the field 
' .. , 

a180 provided very encouraqing results (Table 10). The average 

v~ri&tions between the desiqned flow rates and those found wîth 

the tracer gas technique were 7% and 14% for the two ducts 

J tested. This difference was aleo notiped when u.sing the pitot 

tube traverse met:hod: therefore, either technique can be 'used 

for the measurement. It is assumed that any discrepencies. 
\ 

between the two methods were due to inaccuracies encountered in 

the pitot tube traverse results because traverses could not be 

performed seven duet diameters downstream as recommended~ 

Purthermore, laboratory testin9 supports the reliabi1ity of the 

tracer 9&8 results. 
." 
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POSITION FLOW AS DETERMINED FLOW AS DETERMI~ AVERAGE 

1 

2 
. 

. 

3 

DBLB 9: 

BY SF6 BY ANEMOMETER DIFFERENCE 

(m3/s x 10-2 ) (m3/s x 10-2 ) 

3.2 
3.2 
3.2 

'> 
3.2 . 
3.2 3.3 il 
3.0 < 

3.3 
3.2 

.. 
3.3 

1.7' 
1.S 
1.7 
1.6 
1.6 1.9 
1.7 
1.7 
1.6 
1.6 

0.7 
0.7 
0.7 
0.7 , 

'-, 
0.8 0.8 
0.8 
0.7 
0.7 1 

0.7 

'TOTAL AVBRAGB DZPPIRBRCB: 

* Averaqe of Three Traverse. 

1/ 
i 

VOLUMETRIC FLOW RM'ES/ÎN LABORATORY 
DUC': SYSTEM 
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VOLUMETRIe PLOW RATES DESIGlŒD RATES 

ft8LB 10: 

POtnm3WITB SP6 
(IIl'L8) (1Il3/8) 

DueTl DUCT2 DtJeT1 Dua2 

0.50 1 0.50 1 

0.52 
1 

0.52 0.50 1 0.53 r 1 

0.58 1 0.67 
1 

1 

\. 

VOLOII8ft.IC PLON aRB III ftO l'RBSB· ua 
SoPPLY OUCH . , 
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T~e tran.fer index technique va. u.ed .ueee •• fully to 

quantify the amount of pri.ary air being fed to the 28th floor. 

Although pitot tub.e traverses cou Id not be perfor_ed for 

comparison's sake, the calculated flov of 4.91 .3/s (10,400 cfm) 

vas only 3.2' greater than the design value. It vaa sometimes 

difficult to interpr.t results when using tran.fer indices 
t'" j 

because of the qt\aracteriatic recirculation of the ventilation 

system. Collecting syringe samples at specifie intervals and 

using the average concentration for the calculation of the flow 

rate had the advantaqe ~at the recirculation became apparent 

as a secondary peak (Pigure 20). Taking the average of 'aIl 

values before this peak yielded the correct result. This would 

be the same as uaiog the' equi valent curve ahown. 

Usinq the tran.fer index to find the quantity of priaary 

air and the equilibriua concentration .etbod to find the aaoant 
, 

of out. ide air .upplied allov •. the deter.ination of 

recirculation rate.. The difference betveen tbe tvo value. 

give. tbe voluaetric flov rate of recirculated air. 
If. 

To properly apply decay rate. to deter.ine effective 

ventilation rat •• , a nearly uni for. a.bient concentration i.­

required throuqbout tha f100r being inve.tigated. Tbi. a •• ure. 

that the effe<;t. of diffu.ion a. d .. cribed in Section 5.2.4 are 

.ini.al. A nuaber of inv •• ti9ator. (6,7,51) bave u.ed 

artificia1 .ecbanie.l .ixin9 .ean. to achieva thi., wherea. 
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bllio.ki et al. (50) .ugg.at that the ventilation syate. itaelf 

.can be used to attain a uniform initial concentration. Th. 

,'" lat.t.er method wa. used in the inveatigati;on"'s and wortd 

reaaonably weIl as indicated in - Table 11. During te. 
----~ 

equilibration period doors were left open where po •• ible to 
1 

./ 

enhance .ixin.g. 

Table 12 outlines the effective ventilation r.te. found 

on t'he 2S th floor by four testa Along with the regre.sion eo-
, 

efficient found for each analysi •• Linear ragression was 

applied to the logari th.s of the measur4d concentration versua 

tiae vith six degre •• of freedom in aIl but on, case where two 

sample. vere loat. The high correlation coefficients indicated 

that a decay did ,take place ~nd that it fit an exponential curve 

weIl. Therefore-,-a high deqree of confidence could be put on 

the re.ult.. Th, reault. found on the fourth day of testing 

were relatively'low, perhaps due ta the lower initial 

,concentrations accruing from the release. The errors 

attributable ~o 9as chromatoqraphy (Section 5.3.2) may have 

acted ta increase sample concentrations at the end of the test 
.-

period, thereby decreasinq the rate of decay and effective 

ventilation~e. Otherwise, initial concentrations were hiqh 

.nough to reddce this error to acceptable levels and hence, th... re.ult. ~ould be considered more reliable • 
! 
; 

Even ~n preliminary testing, the rate of decay method 

worked exceptionally weIl, as attested to'by the standard 

.rrors for the results found at the sites s4mpled (Table 13). 
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l.l'l'IAL CORCBRTRA'l'IOR COBl'l'lCID'l' OP 
VARIA'l'IOM 

(ppb) (t) 

LOCATION 
1 2 ), 4 

1 1 1 38.6,37.734.3.35.0 5.7 

l ' 34.2 134.1 131.7 131.6 4.4 

25.6 125-.6 1 25.6 ~ 23.5 4.2 
1 1 

12.8 11.5 110.6 112.1 7.9 

37.0 132.8 
1 1 
130.9 ,33.2 7.6 

INITIAL AMBID'l' CONCDTRATIOJIS MBASORBD 
BU'ORB MONITORING 'l'BE RATE OP ORCAY AT 

'&AMPLE LOCATIONS DORlMG PlMAL TBSTIHG 
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Ul'BC'tIVB VBN'rlLATl:ON 'RAft De AVERAGE OVDA.LL • R.BGR.B8SION VBI1'tlLATION . COBPl'ICIBN'l' RAU 
(ACPB) , (ACPR) 

LOCATION 
1 2 3 4 

0.28 T 
l 1 

1 0.33 0.32 1 0.30 0.98 0.31 
1 

2 0.84 1 0.80 1 0.94 1 0.85 0.99 0.86 

4 0.11 0.21 1 0.26 
, 

0.20 0.96 "" 0.20 1 1 1 , 
0.69 1 0.58 

, 
0.95 0.63 5 0.72 1 

1 1 
0.60 
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!fABLE 13: 

~ 

'" 

. 
STANDARD ERRORS OF EFFECTIVE VENTILATION RATES 

(ACPH) 

NI NP El EP SI SP 
11 IF 21 2P 31 3P 

0.05 0.00· 0.00· NIA NIA NIA 

0.22 0.02 0.02 0.06 0.03 0.04 

0.01 0.01 0.02 0.01 0.01 0.24 

0.02 0.01 0.02 0.02 0.01 0.02 

0.04 0.04 0.02 0.02 0.02 0.02 
• 

0.03 0.01 0.05 0.00 0.05 0.06 ~ 

0.01 0.01 0.02 0.01 0.01 0.01 

0.05 0.06 0.16 0.08 0.04 0.07 

0.14 0.03 0.01 0.01 0.03 0.08 

* BASED ON A TWO PT. REGRESSION 

STANDARD ERRORS OF EFFECTIVE VENTILATION 
RATE DETERMINATIONS DURING PRELIHINARY 

FIELD TESTING 

WI 
41 

0.01 
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0.~2 

0.01 
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0.08 
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pES F' ft 1. '# ~..-~.......--._~!oô? ft 8'-'" _.,..,.;.w'll:iIIi ....... e~.L. _,_ .... ~ __ ~ ... '*-'". 

e 
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~ 

WP 
4P 
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0.04 

0.04 

NIA 
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0.02 

0.04 
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ln order for SF6 to he used effectively in eva~uatinq 

a BVAC ayatem's performance, it was necessary to minimize the 

errora associated with its release, sampling, and analysis. 

Many difficulties and int1"icacies related, to SF6 testing were 

encountered in both laboratory and field investigations. In 

order to develop the procedure 'outlined in Section 5.1, release 

and sampli~q parameters had to be researched ~o that appropriate 

techniques çould be empIoyed. During these investigations, Many 

of the possible errors and parameters affecting the 

interpretation of tracer qas results became evident. These are 

prese~ted below to inform other investigators of their possible 

effects. 

5.2.1 SULPBOIt BBD.PLUO.RJ:DB RRIfBASB 

The type and location of release are determined by 

the characteristic of the ventilation system being 

evaluated and therefore, by the tracer gas method used. Fo~ 

example, to f~nd the amount of outside air supplied to a floor, 

the equilibrium concentration method and consequently, a 

continuous release is needed, whereas an instantaneous release 

of a known volume of SF6 i8 required when using the trans~ 

index technique to determine primary air supply rates. Bot 

types of release can be used with the rate of decay meth d; A 

Bowever, a continuous release to flood a f loor w i th SP 6 should 

100 
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• 
.pan a relatively short period of time ta shorten the sub.equent 

equilibration periode Furthermore, SF6 release must take place 

in the duct of concern when using the equilibrium concentration 

method ta find volumetrie flow rates but is performed in the 

mechanical room for the other two tests. 

Ha problems were encountered with the releaee in eitner 

the rate of decay or transfer index studies; howevet, proble •• 

relatin9 ta release velocities and control were witn •••• d ~h.n 

uaiD9 the equilibrium concentration Methode 

In essence, two types of release which can be used 

vith the equilibrium concentration method were investigated 

during laboratory and field work. Pure SF6 was released directly 

from agas cylinder through a two-stage regulator with an in 

line flow"metering value, and a standard 'concentration of SF6 

was released with an air pump. Both methods were used with 

differing degrees of suceess. 

5.2.1.1 RBLBASE OF PURE SF6 

In preliminary ~nvestigations, SF6 was r~leased in 

the outdoor air supply duct to find th~ amount of outside air 

entering the floor being studied. To- do this, SF6 was rele~sed 

directly from agas cylinder odtfitted with a two stage 

requlator with the second stage regulated at 68950 N/m 2 (10 

psig). The flow was governed hy a pre-calibrated flow metering 

valve. Initially, SF 6 was used at flow rates as low as 1.7 x 

10-8 m3/s (one ml/min) to ensure that sample concentrations were 
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detectable by the Ge. '~he.e lov fIc. rate. cau.ed a problea 

~cau.e of' th_ ti •• required for the ga. to t,ravel fro. the 
- ~ 

cylinder throUCJ'h the tubing té the duct. 'this lag is a function 

of the length of tubing used and must he properly accounted for 

during te.t!ng. '10 o.erco •• thi. delay, a second cylinder of 

air va. add~~ to the rel_as_ apparatua to act as a carrier ga. 

(figure' 21). A .econd flov •• teri'ng vÀlve wa. used to gov.rn 

_th. flow rate of the •• ro air a~ about 1.67 x 10-5 a 3/s (on. 

l~a) which ensw:ed a ainimal tiia. l_g. ft. error introduced by 

the extra air ent_ring th. duct wa. 0.004t and can he consid.rad 
li.) 

· negligible. 

, 
'fable 14 outline. the resul t. obtained and co.pare. 

th.. to <Jesign .pecifications for fre.h air supply rates. 

Although 8'Om. rèsults agreed better than others with the d •• igtl 

values, lhe aajority differed considerably. The variation 

between the two was considered to be caused by the release 

aethod ratber than ~he' operation of the system. This was 

val~dated.in the 1aboratory where one of the f10w metering 
, 

-valves was calibratèd at 1.3 ?' 10-8 m3 /s (0.80 + 2' ml/min) and 

sub.equently turned off and reset 10 consecutive times. The 

flow was measured each, time and the coefficient of variation was 

+ 25t as indicated in Table 15. This had a direct influence on 

results found by the equi1ibrium concentration method and could 

not be to1erated. The variation was probab1y not caus~d by the 

setting of the valve itself, but rather a result of setting the 

regulator. Another contributing factor to error found in theae 

investigations is the low 0.0005 m/s release velocity of 
r 

the 
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LOCAIJ.'IOI1 DACBIl GAS DBSIGR DI~ 

~OL'1'S S~IRG Ct) 
'lOWD PLOOR cou \.i/a ) (a '/s) 

1 45 . Baat1 115 1 0.84 0.58 -

1 1 2 12.03 ., 0.93 100 
1 f ,14 1 1.72' O.S. 100 

1 2 1.81 0.93 95 
1 

1 
. 

1 9 3 0.41 1.84 '8 , 

1 
1 '. 0.35 0.46 24 

118 
1 

"
at

2 1 
3 0.46 0.77 ~ 40 

1 ~ 

IIorth ,10 1 1 0.94 0.71 32 
1 .. 

Centrai 7 1 1 0.21 0.88 7' 
1 

, , 

R&lJIIJUUli' RDULD POR PUSB AU SUPPLY 
BABS . 

o 
104 
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TE'ST 

1 
2 
3 
4 
5 ,l 

6 
7 

.8 
_9 

10 
-

. 

'. UBLB 151 

o 

'. 

, .. 

._--~ .. ________ ._. ~-.'Il1I~~",.I''*t4g4' t!S1W~~ .. ~ 

• 

TIME TO TP!JL 
0.5 x 10- m 

RE~ULTANT PLOr -" 
Cm /min x 10- ) 

(8) 
. 

. 
21.8 1.38 
35.4 . 0.85 
28.9 1.04 
2{;.1 1.15 
22.8 1.32 
25.3 1.19 
62.6 0.48 
21.5 1.40 
21.5 1.40 
23.9 '1.26 

AVERAGE: 1.15 
COEFFICIENT OF 

VARIATION: + 25' 
l 

\ 

COBFFICIENT OF VARIATION ASSOCIATBD 
WI'l'B RESTARTING THE RBLBASE APltARATUS 

1 
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air/SF6 mixture as outlined in Section 5.2.1.3. 

In summary, the variability associated with the release 

of a tracer gas with flow metering valves is unacceptably high 

for use with the equilibrium concentration method in volumetric 

flow rate determination. However, it can be used to initially 

flood a floor with SF6 in the rate of decay technique where a 

fair degree of tolerance to this type of variation exists. 

5.2.1.2 ~LEASE OF A STARDARD CORCBBTRAT~OR OF SF6 

A standard concentration of SF 6 was released into the 

laboratory duct system with a personal air sampling pump to 

find volumetrie flow rates by the equilibrium concentration 

method. The Gonsistency of results, as outlined in Table 9, 

reflects a steady release rate even though the tests were 
~ '. 

performed at -different times. 
1 Il' 

The reproducible release rate in 

this instance is largely due to the flow compensating nature of 

the pump. As the resistance to flow increases, the pump 

maintains a constant flow rate by increasing motor speed. 

Further confidence in the results is attributable .to the 
" 

relative ease of calibration at release rates considerably 

higher than those tnenti.oned in the previous section. 

Calibration was found to have less than a 2.2% error associated 

witp it at these rates. 

The major disadvantages of this method are associated 

wi th the preparation of gas standards. Errora are introdueed 
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into the volumetrie flow rate calculation, as deseribed in 

Section 5.3.1, unless a gas standard has been purchased. 

Purchas'ing standard co·n~entrations limits studies to a small 
-

range of duct flows because of limitations associated with the 
, 

analysis, e.g. the/linear range of the Ge, and release pumps. 

For example, a good personal sampling pump can be calibrated 

from about 3.3 x 10-7 m3/s (20 ml/min) ta 5.8 x 10-5 m3 /s (3500 

ml/min). Bence, for versatility, preparing standards is 

recommended if it can be done accurately. 

While a personal air sampling pump was also used in the 

field, a more powerful electric pump was tested in an attempt to 

overcome the problem ~f~w ~èlease velocities described'in the 

next section. Although this 'pump has a larger flow range, the 

errors and limitations remain the same. 

5.2.1.3 RBLBASB ~X!Y , 

) ,. 

Knoepke (9) states that turbulent flow serves to enhance 

flow measurements made with tracer gases, whereas it reduces the 

accuracy, of pitot tube measurements. However, situations exist 
'\ 

when turbulence alone will not ensure th~roU9h mixing and trac~r 

gas tests become inaccurate. Bere-, a high release velocity is 

needed. At the offige complex studied, the out.ide air was 

supplied to the mechanical room at high velocities through 

relatively short d~cts (- 1 m in length). Preliminary eatilllates 

of the fr~sh air aupply rate found by the equilibrium 

concentration method either under or over eati.a~.d theae rates 
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because sample concentrations found were too lov or high. These 

concentrations resulted from l,ow releaae v.elocitiea. The SP6 

mixture would lêave the duct before being thoroughly mixed 'aa 

-------depicted in Figure 22 and therefore, results were influenced by 

which part of the duct samples were collected at. Increasing 

the release velocity by red.ucing the release out let aize to a 

few II m alleviates this problem. With high enough velocities, 

the SF6 mixture behaved similar to a jet stream and resulted in 

-more thorough mixing. givinq a more repreBen~ sample. A 

comparison of results found usinq both hiqh-and low velocity 

releases is made in Table 16. The ducts have been designed to 

supp1y 0.5{)' m3 /s (1050 cfm) and 0.53 m3/s (1125 cfm) 

respectively. In the high velocity caae, reaults,aqreed . . 

reasonably weil vith these values- and tbere was a marked 

improvement over the results found with lower rel.asa 

velocities. 

Many different sampling techniques are available for SF6 

sallpling: evacuated containers, syringes, bags, portable 

sniffers, and infrared analysers, to mention a fev. The two 

techniques that vere available for ·the studies performed vere 

baC] and syringe sampling_ A comparison of the two types was 

perfor.ed for ~pplications with the rate of decay, the 

~ilibriua concent~ation, and the transfer index techniques_ 

Syringe sampliftg i8 quick, cheap, and reliable. 

Ba, sa_pling requires a pump but. is also 'reliable. The a.jor 
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VBLOCITY 

low 

low 

high 

high 

high 

..... 1 •• 

o , , 

~245i.. • S 5; , ~ .. 

' .. 

·VOLtJIŒ'lIJUC l'LOW RAftS OSSIGRBD RAftS 

~,~) (.3/.) 
~- DUCT2 OUCT1 DOC'l'2 

( 2.33 
, 

0.95 1 

1 - 0.50 J 0.53 j 
3.57 1 1 11 37 1 , 
0.50 , 0.50 1 

1 
-

0.52 t 0.52 0.50 1 0.53 - r , 
0.58 , 0.67 1 

1 

--
1 -

VOWMftRIc l'LOW RATES IN l'UsÎl AIR ~UPPLY 
, DUCTS POR 81GB ABD LOW VBLOCITY." 

RBLBASB 
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c difference between the two techniques is that syringe samples 

are short ter., whereas bags can be used for either short or 

long- term time weighted samples. This makes bag sampling more 

versatile and particularly weIl suited to the transfer index 

method where a time integrai concentration May be required.' A 

major disadvantage of bag sampling is that the bags themselves 

are bulky and consequently, awkward. 

'. 
Durinq investigation., particulariIy when using th. 

1 

transfer index method, both sample lenqth and/timinq beca.e 

critical. The lenqth of sample pariod ia important when short 
~ 

ter. flow fluctuations characterize a ventilation syatem. 

Syringe .amplinq showed a high degree of variability in 

laboratory experiments (Table 17) where the qrab samples were 

collected approximately once every minute, whereas goo4 

precision was shown for two minute, time weighted bag samples 

collected at five minute intervals. The results found with the 

bag samples further agree weIl with those found with an 

anemometer as discussed in Section 5.1. Therefore, if short 

term systemie variations are anticipated in the system under 

study, time weighted samples should be used to determine 

volumetrie flow rates in the ducting. 1 

( 
Pinding effective ventilation rates with the rate of 

decay method ean be performed usinq either grab samples 

collected with syringes or two minute, time weighted baCJ 

samples. The two methods were eompared in rate of deeay tests 

and the results found by each method agreed closely at aIl four 
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• 
POSXTXON 'l'BST 'l'1MB W1UGB'l'BD C.1/ .. GRAS SAMPLB C.V. 

• CONCEN'l'RA'l'ION CONCBN'l'RA'l'ION 
(ppb) (, ) (ppb) .,/ (.) 

. 
1 1 6.5 8.4 

2 6.5 8.9 
3 6.2 8.4 
4 --- 3 9.0 4 
5 --- 8.7 
6 --- 9.3 
7 --- 8.4 
8 --- ---

2 1 12.4 13.5 
2 12.3 20.8 
3 12.2 20.1 
4 ---- 1 16.0 20 
5 ----. 16.0 
6 ---- 19.5 

" 7 10.9 ----
8 ---- 18.1 

, . 
3 1 - 28.5 34.7 

2 1 2'.1 31.5 
3 27.5 49.8 
4 ---- .. 42.9 26 

1 

5 35.4 ----
6 ---- 34.2 
7 ---- 40.2 
8 ----- 33.6 

say 17a VA1UABXLl1'Y OP SYU'RGB SAllPLBS X. 
LABORA'lORY BXPBRIMBIITS 
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sample si tes (Table 18). The grab samp1es were gathered at the 

midd1e of the bag sampling periode The interchangeabi1ity of 

samp1ing techniques in this instance ,was a consequence of decay , 

being a stable, long term process when associated with a 

ventilation system. 

It is mandatory to wait for the tracer gas to equilibrate 

throughout a f100r before samp1ing begins in effective 

ventilation rate studies. A1Iotting an insufficient 

equi1ibration period accrues the 10ss of initial samp1es for the 

ca1culation because the decay has not yet begun. This is shown 

in Figure 23 where sampling began approximate1y 15 minutes after 

the release. In this instance, it took about an hour and a half 

for the SF6 concentration to peak; however, this was not typica1 

and a one hour period was normal1y enough. 

Investigations aiso found that longer term bag samples 

(15, 30, or 60 minutes) yie1ded results that were close to those 

found with shorter two minute samp1ing periods for the rate of 

decay method. The 28th f100r of the office comp1ex was studied 

tvice using five time weighted average samp1es sequenred for 15, 
-

15, 30, 30, and 60 minutes interva1s, and the average effective 

ventilation rates were 0.68 and 
r 

0.59 AéPH, compâ~ed to an 
f 

1 

average of 0.58 ACPH for'two tests where '~wo minute'samp1es were 

co11ected. 

It vas very difficu1t to find proper samp1ing times and 

perioda to properly eva1uate the amount of primary air on a 

floor with the transfer index technique because of the openness 
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SAMPLE TINE APTER EQUILIBRATION PBRIOD 
(min. ) 

LOCATION TYPE 0-2 30-32 60-62 90-92 120-122 150-152 
1 

38.6' 
, 

1 1 / 

1 1 Bag 30.8 i 26.1 
f 

23.2 i 20.4 1 18.9 
,syringe 41.'5 : 33.2 1 27.3 

1 
24.9 1 21.2 1 20.8 

i 32.4 1 
1 i 1 

2 Ba,g 37.7: 23.9 22.9 20.7 18.7 1 ! f 1 Syringe 39.8, 31.4 • 30.0 21.5 19.7 17.3 
1 1 

3 
1 

39.3' 28.1 1 26.5 1 21.9 1 19.5 17.0 1 Bag, 1 

1 Syringe 40.5' 29.2 1 23.3 1 21.8 1 18.7 1 17.7 
'. 

4 
, Bag 

1 1 
10st 1 lost 1 19.1 • 18.1 35.0, 30.6 

• Syringe 38.2. 32.4 1 27.2 1 22.5 ! 21.0 1 18.2 
1 1 1 1 

"ABLB 18. A COMPUISO. OP SYlURGB ABD &AG SAMPLZJ1G 
TBCIDIIQUBS IN RAD OP DBCAY 

IRVBS'l'IGA'l'IORS 
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-
of ~he aechanical roo.. Th. u.e of tiae veigbted bag '.a_ple • 

prev~in~a.quate b.caua. of recirculation. 'SyriDge aaapl •• 

w.re triea at one minute interval. .0 that more information 

about concentration peaka indicating recirculation could be 
-

obtained. Again, littl •• ucc ••• va. obtain.d, vith no 

out.tandinq p.ak •• vident. Pinally, .yring. aample. at half 

minute int.rval. for the fir.t five ainute., one minute 

interval. for the n.xt ~ree minute., and tvo minute interval. 

for the la.t four minut.s vere usad vith .ucc ••• aa described in 

Section 5.1. It ia evident that the tiainq of ... ple. was v.ry 

important in thia aituation. 

, 
Zn su.mary, .i ther baq or syrinqe sampI.. ov.r a 10n9 

f 

or .horter period can be u •• d vith the rate of d.cay .ethod fo~ 

- determininq effective ventilation r.te.. Saaplinq becam. _or. 
- critical for the tran.fer index technique to •••• ure volua.tric 

flov rates in a recirculatinq ventilation .yst... The b.st 

approach, in thia instance, ia to çollect short tera sa.ple. •• 

often as possible so that concentration fluctuations can be 

pinpointed. If the tracer gas ia properly released (Section 

5.2.1), sampling ia not a crucial asp.ect of studies inVO'lvinq 

th. equilibrium concentration technique. 

5.2.3 'l'SB D~SZ'l'Y OP SP 6 

Sulphur hexafluoride is about live ti ••• more den •• tban' 

air at STP. Hemeon (64) indicates that thi. is oft.n believed ta 

have a considerable effect on its bahavior in air but that thi. 
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i. incorrect. It is the SPa/air .istarets aensity that is 

iaportaDt a. it detenain.s behavioural differences vith respect 

to .n:r.al air. With s;-in the 35 part. per billion range, the 

.isture's density i. only e41li41ibly different than that of air 
.... 

and does not c~ange normal airflov patterns when perfor.ia41 

ventilation atudies. 

• Collina et al. (30) state that heavy gas.s do DOt mix 

•• 11 in air. This phenomenon did not pre •• nt pr~bleas in the 

studies performad. The initial cOncentrations obtained during 

rate of decay investigations (Table Il) show that the method of 

releasing tbe tracer gas through the ventilatiQn syste. 

overwbellla the effect. of its aen.ity OD aixin41. 

t 

. 
Diffusional effects of a tracer 9a. are only of con cern 

",ben a.iaC) the rate of aeoay .etbod. It i. to ainiai •• these 

affects tbat a unifora Ulbient SP 6 concentration i. required at > 

the beqinnin9 of a te.t. Typically, th. concentration gradients 

found by the initial condition. witne •• ea during investigations 

vere approximately 0.02 ppb per •• tre, therefore, the 

diffusional velocitl of SPi in air i. only 1 x 10-6 a/s 

(Appendix VI). With ,uch lov diffusional velocities, the 
. 

.. bient eondit~ons generated by the ventilation system will 
, . 

overvhelm any diffusion and subsequent decay rates refleet the 

action of the system itself. 
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'l'be po.sible sources of error that can be et!'countered 

when perfor..inq tracer qaa ventilation studies include: 

release velocity, calibration, and method; 

sa.ple biasinq, frequency, positioninq, and 

contaainati'on: 

the density and purity of the gas uaed; 

standarda preparation; 

and qaa chramatoqraphy. 

"suainq aIl the parametera liste~ and discussed in Section 5.2 

have been incorporated into the proper development of a teatinq 

procedure, aany of théae errors can be minimized or eliminated. 

This involves the aelection of qood releaae mechanisma and 

techniques, proper sa_ple timinq and positioning, and ensu~inq 

the use of a pur~ qas and that ,its density and diffusiona.l 

properties do Dot significantly affect results. Sample 

contaaination can be eliminated if samplinq equipment is 

thorougbly cleaned with air between testa. Sample biasinq i8 

only of concern wben findinq overall ventilation rates by 

a"eraging et·fecti"e ventilation rates and is miniaized by 

increa.sing the' nu. ber of samples collected. This leaves bath 

standards preparation and qas chromatographic techniques as the 
" aajor sources of unavoidable erro·ra in tracer gaa 

1.nveatigations. 
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5.3.1 S~ PRBPABATZOR 

Two standard preparation techniques were used for SF6 

releàse and calibration of the ,GC. _ When generat~ng standards 

with a"gas generator like the Metronics Dynacalibrator used; ~F6 

concentrations are produced by heating gas permeation devices. 

These devices are factory ca1ibrated at a certified rate within 
, 

,2' at 30 oC. To produce higher standard concentrations (0.2 to 

12 PR,m), the .oven etemperature can be increa$ed and extra 
c 

permeation devices added. The increa~e"\ in temperature changes 

the permeation rate witll an accuracy of 5% f.or a 10 Oc shift 

in temper-ature (66). Consequently, when generating high 

standard concentrations, a compounded err~r resu1ts from the use 

of extra permea~ion device~ and the temperature shi ft. 

Althouqh the gas generator ls outfitted with pre­

çalibrated rotameter sca1es, more accuracy can be-achieved if a 

bubble flow meter is"used to~measure the outlet strea~f1ow rate 

used in Appendix IV. In makinq volumetrie measurements, the 

effect of watér va pour may be t~ken,into àccount. However, the 

error introduced by humidity i8 normaily quite sma1l and wa, 

therefore not used in data reduction. Another error related to 

,i:he use of a bubble met-er arises from the actual timing, but the 
" 

resu1ting error is in the region of on1y l~ (67). 

Fo~ even hiqher SF6 concentration ( e.g. 1%), a f10w ) 

meter which co~bine8 two separate, individually calibrate~ 

(air and SP6)' vàa used. Rather than relying on supp1ied 

119 

.. _.- wH UJ(; 



c 
calibration curves, a bubble meter was used to measure the 

f,lows. Again, the anticipated error can be minimized to 1%. 

ln summary, the largest error encountered as a result of 

gas standards preparation occurred while performing the 

laboratory duct experiment where two permeation devices were 

used at 50 oC. This error was as high as 10.5%. Otherwise, 

errors were mu ch lower. 

5.3.2 GAS CBROMATOGRAPHY 

The errors associated with gas chromatography result from 

sample injection, concentration, volume, and detection. Table 19 

is a summary of various .tests performed in order to quantify a 

coefficient of variation (C.V.) when using different GC 

injection techniques on both high and low concentrations. 

The most obvious conclusion to be drawn from these 

studies is that syringe injection of relatively small volumes 

from a large gas tight syringe is an unacceptable plactice. 

This results in a" C.V. of about 62%. The tests indicated that 

on two occasions the sample did not even en~er the column. 

Although more reasonable precision was obtained when injecting 5 

X 10-5 m3 (50 lJl) from a 1 x 10-4 ml (100 l.1l) syringe, a marked 

difference was seen in the C.V.'s of high and low 

concentrations. This results from the fact that the standard 

deviation of the combined effects of injection and detection was 
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TEST RESULTS WREN USING 
• 5 • 2 ppb STANDARD 35 • 9 ppb STANDARD 

INJECTION TECHNIQUE 

1/2 1/10 GAS SAMPLING 
SYRINGE SYRINGE LOOP 

1 
1 5.2 1 5.2 1 3.8 
2 5.8 , 7.~ 3.5 

1 3 5.6 1 2 .. 8 i 3.5 
4 5.5 0.0 3.6 
5 4.8 1 0.0 1 3.6 
6 4.7 , 3.4 1 3.3 1 
7 3.6 1 6.2 1 3.5 
8 5.1 

1 
4.7 4 .. 1 

9 4.3 6.3 1 ---
10 4.2 1 5.6 1 ---

1 62 
I~~-

c.v.: 15 " 7 
( ,f 1 1 

1 
AVERAGE STANDARD DEVIATZOaS 
FOR COLUMNS 1 AND 4: O.7! ppb 

3 AND 5: O.3B,,,ppb 
~ 

, 

INJECTION TECHNIQUE 

1/2 GAS SAMPLZNG 
SYRINGE LOOP 

35.9 
35.9 
35.0 
35.7 
34.8 
35 .. 0 
35.1 
35.2 
34.0 
33.9 

2 

35.9 
35.6 
35.0 
34.9 
34.8 
35.2 
34.2 
35.0 
34:6 
34.7 

1 

.~ 

ft'" l': VARIA'l'ZOB OP DIPPB1lBft ~IIJBCrIO)J 'l'BCBlIZQUBS 
USDIG GAS SDIIDUDS 
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about 0.71 ppb which inher~ntly results in more error at lower 

concentrations. This same phenomenon was present for gas 

sampling valve injections; however, the standard deviation was 

somewhat decreasec:i to 0.38 ppb. This wou Id indicate a deviation 

of about 0.3 ppb attributab~e to the syringe injection 

technique, because most of the deviation found for the gas 

sampIi.ng valve technique vas a result of detection rather than 

injection. 
~ 

more 

ia a 

Even th~ syringe injection techniques seemed to give a 

reliable est~ate of the standard concentration used, this 

reault of thé Ge calibration and should be ignored. The 

experiment was designed to test the precision,of the· different 

techniqu~s only. 

To minillize the errors associat~d vith gas 

chromatography, either proper syringe injection or a g._ 

sampling valve should be used vith relatively high aample 

concentrations. 

• 
5.3.3 SUILM".!, BRR08S 

In perfor.ing a tracer gas atudy, anticipated error. 
\ 

are as outlined above if no consideration ia given to .a_ple 

bia.ing, operator induced and other procedural errors that can 

he ainiaized vith experi_ental control and care. O.lng a aua of 

the squares approach and aààing aIl expected error.' as a result 

of .tandard generation, release puap calibration, and analysia, 

errora of les. tban 12' can be ant'cipatea if agas saapling-
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loop and relatively hi9h concentrations are'bein9 used, 

reqardle.. of the 9a8 standard preparation technique. 
• ' --."f 

This 
< 

error can be decreased to about 2' usinq flov Ileter qenerated 

standards. These fiqures a.sume proper release 

calibration whicb has an associated error of l' (67) • 
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~.4 A CDIltUX .. OP ftACBIl cas .AB CdlVDi'Ia.aL .. 1 .... 
0. ~œ AIlALYSIS 

Previously presented reaults sho~ t'At tracer 

gaa techniques can be effectively used ta perfora voluaecric 

fla" and effective ventilation rate .easurements in ventilation 

studiea. Tbe major advantage of using tracer gases rather than 

conventional tools ia that more information about air fla" 

patterns in the workplaces can be obtained. Lagus (51) refers 

ta the fact that conventional air infiltration studies can not 

be perforaed in large open areas lite factories because fan 

capacities do not sufficiently pre.suriae the structure. The 

rate of decay technique can be u.ed in thi. instance.' 

PurtherIDore', effective ventilation rate. can be found by tbia 

technique in air ti9ht structure., wbereas theae can not be 

found vith conventional toola. Both air infiltration and 
\ 

effective ventilation rates are .. a.ures of air flov pattern •• 

The rate of decay .ethod for ventilatiorl rate measureaent 

ha. aeveral advantage. Qver the conventional methods described 

in Section 3.3.2. It is an experimental measure of effective 

ventilation rat.. rather than a theoretical calculation of 

overa1l ventilation rates. Often, effective ventilation rates 

are of aore concerne These reflect how well a ventilation 

ay.te. i. working at different locations rather than assuming 

that the av~age rate i8 representative of all sites and can he 

directly coapared to ASBRAE's most recent standards. The 

ollly way to deteraine effective ventilation 
~ 

rates by 
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c conventional methods in hermetically sealed buidings is to 

.a •• ure the amount of fresh air entering the system and apply 

the resultihg averall rate to ~ork locations. Th±$ type of 

measurement is subject to the limitations of conventional air 

velocity measurinq devices. 

Usinq conventional tools for ventilation evaluation 

requires that velocity measurements be made at least seven duct 

diameters downstream from any"obstruction to air flow (15). 

Building and ventilation design do not necessarily take this 

into account and consequently, as in the building studied, 

meaaurements have to be made wherever possible, jeopordizing the 

accuracy of results. The turbulence created by obstructions and 

geometric changes in ducting serve to mix the SF6 with the air, 

whereas i t acta to reduce the accuracy of pitot tubes or other 

air velocity measuring devices. The mixing of the tracer gas 

enhances the subsequent volumetrie measurement because it is 

ewsentially based on dilution. Furthermore, only velocities in 

excess of 3.05 mis can be accurately measured with a pitot tube 

(15), while tracer gas techniques lend themselves to ,the 

measurement of -any volumetrie f low râte whether i t be 

characterized by ~gh or low veloeity. 

With the sampling and analytical equipment available for 

the researeh, volumetrie flow rates in closed conduits can be 

determined by either the tracer gas method outlined or 

co~ventional air velocity measurement techniques in 

approximately equivalent amobnts of time. No corrections or 
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extraneous readinq8 such as temperature and humidity haveto be 

gathered for tracer gas methods, which are based on actual 

volumetrie measurements rather than velocity measurements. 

Bowever, a background sample is sornetimes required for other 

tracer gases which ha ve na turally occurr ing ambiant 

concentrations, like CO 2 , so that it can be accounted for in , 
subsequent calculations. If automated sampling methods were 

available, SF6 could be used to give flow rates in a number of 

duets in rnuch less time than that required for pitot tube 

traverses. The transfer index method can be used for flow rates 

in positiv~ pressure ventilation systems and the equilibrium 

concentration method can be used in negative pressure systems. 

Another advantage of tracer gas over conventional methods 

is that the procedures to perform volumetrie flow and effective 

ventilation rate measurements can be incorporated into one "\ 

study. This does not apply to conventional techniques wher~ 

bath are separate entities. 

The main disadvantages of ventilation studies using SF6 

are associated with the analytical chemistry required~ To 

properly analyze samples, expertise is needed. This makes the 

technique somewhat inaccessible to engineers, but with further 

research into automated sampling and analysis this could be 

overcome. If care is not exercised in standard preparation and 

equipment calibration, large errors can result. This is not 

true of conventional techniques. 
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6",0 SOIlMARY AND CONCLUSIONS 

The research conducted indicates that SF6 ean be used 

effect~vely as a ventilation evaluation tool. Volumetrie flow 

measurements, recirculation and effective and overall 

ventilation rates can be determined using the methods deseribed 

in this paper. Presently the procedure is somewhat cumbersome, 

requiring manual sampling and analysis which renders it as time 

consuming as conventional methods of ventilation analysis. 

Bowever, with more research and development, tracer gas 

techniques can become an attractive alternative to flow 

measurement and ventilation assessment techniques currently 

being used. 

Volumetrie flow measurements made i~ a laboratory local 

exhaust system by the equilibrium concentration method agreed 
, 

within about 9% of measurements made with a hot wire anemometer. 

This indieates that this method is ideally sui ted to the 

balancing of local exhaust systems of aIl sorts. The technique 

can also be used to find holes in ducting. This would be 

reflected by a decrease in gas concentration from one end of a 

branch to another, and the actual volume of air leaking into the 

system could be determined. However, this technique can not be 

used to find flow rates in blowing ventilation systems that 

subsequently branch. The flow in the duct where the SF6 is 

released ean be determined but the flow in subsequent branches 

can not be found because the concentration will remain constant 

tbrougbout the system. Leakage can not be quantified either. 
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Nonetheless, blowing ventilation' systems can be balanced using 

the transfer ~ndex technique. This method was employed in the 

office complex studied to find the amount of primary air being 

supplied to a f loor and the resul ts were w i thin a few percent of 

the designed rate. 

The office complex investigations also indicate that the 

rate of decay method can be used to find effective ventilation 

rates. In aIl cases, the measured decay vas nearly exponential 

vhich is attested to by the high regression coefficient 

obtained for linear regression'of the natural logarithms of 

measured concentrations. Hitchin and Wilson (18) list that 

perfect mixing of ventilating air is required to properly uae 

this method to find ventilation rates as a drawback. However, 

this was not witnessed during testing. Initial preparation 
, 

assured that the diffusional effects of SF6 were overwhelmed by 

the ventilation itself, and even though perfect mixing did not 

exist, as is indicated by different effective ventilation rates, 

a high degree of confidence can be put in the results. Although 

ventilation systems are designed to distribute air somewhat 

uniformly, misbalancing may negate this and therefore, it is . 

impo.rtant to know effective ventilation rates. The average of 

the effective rates found can th en be applied as an overall 

rate. 

The variability of the effective ventilation ratea found 

for a given floor seems to indicate that interior floor space 

utilization (office types and poaitioning) affecta the 
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uniformity of air distribution. The-HVAC 'system studied was 

desiqned, to distribute ventilating air based on the heat 

requirementsi however, testing was performed at night when the 

only source of heat would have been lighting. This would have 

resu1ted in a~unifoxm heat load accompanied by uniform air 

distribution as reflected by consistent effective ventilation 

ratès. However, this was not found and consequently, the 

architectural interior layout of the floors seemed to disrupt 

air f10w patterns. A high degree of confidence can not ye~ be 

put in this conclusion because of the limited number of tests 

performed. 

taboratory experiments are characterized by a fair deqree 

of experimental control but often this type of control is not 

easily achieved in the field. Results of the office complex 

studies show that this control was achieved but it was not a 

simple task. Many preliminary results had to be discarded 

becauae of errors introduced by a lack of experimental control. 

Discrepancies of hundreds of percent were present. This serves 

as a caution to other investlgators. Even though SF6 can be 

used effectively to evaluate performance characteristics of 

ventilation systems, errora can easily become apparent and 

therefore, some standardization is in arder. 

A major drawback of thi. technique ia the analytical 

chemistry presently needed to interpret results. This is 

obviously not ~ractical if the method is to replace the 

procedures now us.d. Considerable simplification' of these 
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requirea.~t. will be/needed if trace~ 9a8 techni~e~ are to he 

made available to ~he engineer. or technicians who will be , 

m.king air flow m .. surement. and quantifying air flow patterns. 

aaaearch ha. to be.performed to !ind eaaier and aimpler •• mplinq 

•• tho~.. Analy.er8, which give an answer auto •• tically afte.r 
! 

taking the -•• _ple fro. the collection aevice, '"ould be a 

d •• irable developaent. 
.. 

It is que.tionable whetber SPi i8 the ha.t 9a. to u.e-a. 

a' tracer. It. detectability proved to he a proble4 in field 

te8ting wher. contaaination of ... plin9 equipa.ut vas evident. 

Tbe potential of tracer 9a. .tudie. in the performance 

evaluation of ventilation .yate.. are enor.ou. and can aDcoapa •• 

a ••••••• nt. of entire building, aine, or factory .y.tea., •• 

well .a local ventilation. 

/ 

.. 
130 

tA A <4 ~4 ~:t!ltj $! :::::o:::e 



;JJUWA:fN'AIt_ &1 !Sl A' •• 

() 

l~. f aw .. 

6.1 wua .... ~ 

Trac.r ga. ventilation studies could only be performed on 

a floor by floor ba.is and the nu.ber of volumetrie flow 

.... ur •• ent. po •• iple in' ducting under po.i ti ve presaure were 

fe". Zn both ca.ea, theae limitationa "ere due to the availabl.e 

.ampling Itechnique.. Whether these vere bag or syringe type, 

.anual aamples had to be gathered. This can be cumbersome at 

time. and doea not allow for complete atudy of the ventilation 

.y.te. in que.tion. Re.earch into .ome form of automatic, 

r •• ote aampling would allow more intricate •• aaurements to be 

aade throughout an entire complexe Thi. could greatly reduce 
, 

th. ti •• involved for an '.valuation of a v.ntilation .y.tem. 

To .ake trac.r ga •• tudie •• ore acce •• ible to tho.e who 

perfora th. t .. t.a, an auto •• tic an.ly.er .hould be dev.loped. 

Xt ..... .o.t reaaonabl. to anticipat. a portable analy.er vhicb 

~l. tbe ... ple froa th. "mple container and giv.. • digital 

i 
\ ' 

l'urthar r.fine •• nt of r.l •••••• thod. ia .1.0 in orcier. 

ti9b valocity r.l •••• i. ha.t and a ,aore .1.9ant .olution to 

the .. _ab1y uaeeS in thi. t •• ting i. r.quired. A pov.dul puap 

vith a critical orifice would be be.t. 

Different gas •• .hould be inv •• tigated to ba 

u.ed in ventilation evaluation. SP, ha. Many advantages and 

ad.irable characteri.tics but conta.ination is a source of 

difficulti... Tub ••• nd aa.pling equipaent have to be 
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thoroughly cleaned and if pure SF6 bas been in contact with . 
equipaent, cleaning can be very· diffic~lt because of its 

atability. 

Pinally, the effect of interior office space desiqn on 

air distribution'abould be inveatiqated more thorouqhly. ft is 

ezpected that more consideration ahould be given to the office 

typea and placement of these and partitions with regards to 

tbeir compatibility vith the ventilation system. 

( 

llZ 



o ". , 

'-

UPD1DXX 1 

THE EQOlyALENT LENGTH METBOD 

.. 

.. 
" 

o 
1 J t ~ 

• .,.~ l 

\ ' . -

" .. ,';.. 
" 



In ventilation design, energy losses as a result of , 
air flowing through junctions, elbows, contractions, and 

expansions are normally included as a part of the system's 

resistance by the equivalent length method. The los ses incurred 

are expressed as an equivalent loss that would result from the 

air flowing through a length of straight ducting. Bence, the 

air distribution network can be considered to consist of 

straight pipe only and Equations 2.14 and 2.15 can he used to 

calculate losses. This greatly facilitates ventilation design. 

--The ACGIH (15) outlines expected lo~ for commonly 

found duct geometries. These ase found in Tables Al to A4 and 

are expressed as a fraction of the duct velocity pressure on the 

upstream side of the geometric change as determined by the 

equivalent length method. 

" 

) 
( 
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SCIIEMA'l'IC 

"' ... &1: 

(. 

/ 

RADIUS LOSS PRACl'ION OP VP 
(no. of +) 

I<t> 2.75 0.26 
2.50 0.22 
2.25 0.26 
2.00 0.27 
1.75 0.32 
1.50 0.39 
1.25 0.55 

2.75 0.17 
2.50 0.15 
2.25 0.,17 
2.00 0.18 
1.75 0.21 
1.50 0.26 
1.25 0.37 

2.75 0.13 
2.50 0.11 
2.25 0.13 
2.00 0.14 
1.75 0.16 
1.50 0.20 
1.25 0.28 

2.75 0.09 
2.50 0.07 
2.25 0.09 
2.00 0.09 
1.75 0.11 
1.50 0.13 
1.25 0.18 

DPIC'J'BD P1tBSSUU LOSS ftI .. )UG8 aouao 
BLlO'S 
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SCBBMATIC 

-'WUa 

RADIUS LOSS FRACTION QP VP 
<.) ASPECT RATIO W 

0.0 
0.5 
1.0 
1.5 
2.0 
3.0 

0.25 0.50 1.00 2.00 3.00 4.00 

1 1 l , 1 1.50 1.32 1.15,1.04 0.92 0.86 
1.36 11.21'1.0510.95 10.84 10.79 
0.4510.28'0.211°.2110.2010.19 
0.28,0.18;0.13,0.1310.12,0.12 
0.24.0.15,0.11,0.11,0.10,0.10 
0.24,0.15 0.11 0.11 0.10 0.10 

/ 

JiXHCfD PU8SUJlB' LOBS '.fDOOQII SQUA •• 
DO UC'I''MOLU IXJCIIIS 

• 
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ANGLE LOSS FBACTIO. OP VP 
<9 ) IH MAX. BRABCB -') 

10 
15 
20 
25 
30 
3S 
40-
45 
50 
60 
90 

0.06 
0.09 
0.12 
0.15 
0.18 
0.21 

'0.25 
9.28 
0.32 
0.44' 
1.00 

DRC'fD .... au .. LOS. 1ftII .. 1GII _ ......... 
DI CIac1JJ..Ia ~1JIa 
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SCIIBMA'l'IC LOSS PRAC'l'~OM OP VP 

1 1 
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0.6 '1'0 0.1 ... 

, ANGLB ROUND RBCTM1GULAR 
(8) DUC'1'ING DOC'l'ING 

f 1 

1 

15 
1 

0.15 1 0.25 

----. .! 30 0.08 0.16 
} 4S 1 0.06 1 0.15 

1 60 0.08 1 0.17 1 
1 

1 
., 90 0.15 J ·0.25 

! 120 1 0.26 t 0.35 
1 r \ 150 1 0.40 0.48-
1 i 
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l' , ~ 
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.~. op.ratioft of a fan ia not only depend~nt on the 

o 

re.tatance of the .yate. it ia .ervift9 but alao on fan .p.ed 

(v) and dia.eter (.) and air denaity (p). The.e para •• ter. ' 
" 

'bave an effect on the volu •• tric flo" rate deliv.red (Q), the 

fan'. SP, power, and effic:tency. Tb.a. can be ~xpr •• aed aar 

• ..., CMMQ1Iz 

ib ,- !.2 
Ql VI 

pa!!r2 .' (~)2 
powerl vl 

\ 
PAIl D~. 

8~ - (*~J2 
. 

Bfflc:iency &ad SP r ... in conatant 

-. 

.... 

Bffici_cy and volu.etric flo. rate r_in conatant 

" 
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Prop.r calibration of analytical equipm.nt ia of 
'\ 

utao.t import~nce in any study ~nvolving their use. Without 

~roper standards, it is impossible to get satisfactory reaults. 

Standard gas concentrations can be obtained with a standard 

ganerator for a variety of gases. A standard is prepared ~y 

putting a permeation device into a chamber at a controlled 

,ta.perature and allowing the device to equilibrate. Once 
(\. 

equilibrated, the flow frOID the chamber is diluted with a knoWD 

volu •• of clean air. Thi. ia controlled on the front of the 

ganerator. ~ 

The per.e.tion device •• re certified for different 

•••• ~low rate. at differ.nt teaperature •• 

governing ~e u.e of a .tandard gen.rator i.: 

The .quatioD 

wbere, Od i. the dilution flow (al/a~n)" Il~ i. the device aa •• 

peraeation rate (ng/min), IC ia a aolecular con.tant, Oc i. the 

c.rrier flaw (ml/min). Three of the five parameter., Rp, IC., 

and Qc are predetermined1 therefore, th. only two variable. are 

the d •• ired concentration and the dilution flow rate. The 

pera.ation rate i8 a function of the cha_ber te.perature and cao 

be calculated knowing the peraeation rate Ilpo' and the 

t.aperature, To ' for which it is certified, by the equation: 

log ~ • log Ilpo + 0.034(T - '1'0) 
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thi. r •• uit. in an aaèUr.~pof ~ 5. for a 10 Oc ahift in 

t...-.:atur •• 

Th •• ~f.ct of chaDgiDg dilution fio. ):oate. and 

t .. peratur. eD&bl.. the gener_tion of a vide range of .tandard 

" concentration.. 'or exa.pl., .ith t.o SI', p.raftioD 4.vic.s 

//~~ 'a1Ailal;tle, ODe can g.ne~at. __ .tana_rda raDging fr9t_ a fev ppb up 

~~ut 10 ppa '.hi.ch' i. a 10,000' fold range. 
," // ~ ..: -----~---- ---

• 
Although .tandard generator. are outfitt.d' vith 

calibrated rotaaeter. in .o.t instance., it i. advised that 

total flov rat.s be •••• ured for aore accurate standards. Tbis 

can be done by puttinq a bubble •• ter in lin. w i th th. strea. 0 

out let ta deter.in. QT which is the sua of the dilution and 

carrier flowa. 

" 
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Ga. cbro.atagraphy involves the separation of gases 

through a stationary phase. ~o datact SPi' a aolecular aieve 

colu.n and electron capture detector can be us.d. The SPi ia 

carried by a carrier gas which must be in~rt to detection, dry, 

and pure. Often, nitroqen or an argon methane mixture ia uaed. 

Figure Al schematically represents the entire GC procesa. 

There are two methods of injection available to the . 
uaer; syringe injection or agas sampling loop. 

characterized by more operator induced error than 

The former i\. 

the latter. 

In the gas sampling loop technique, the sample is pumped through 

a small loop whi~h fills. A switch then opens a valve which 

allows the sample volume to enter the c~lumn where separation 

~akes place. Bence, the sample volume is always the same. 

Different sizes of loops are available and are selected 

according to the sensitivity of the detector. Agas like SF" 

which Is extre~ely detectable, ia best analyzed with about a 50 

1 loop. 

Once injected, the sample enters the column, which is 

noraally at an elevated temperature and pressure. A moleculer 

aieve column separates gases on the basis of molecular size. 
\ ' 

Smaller molecules travel a longer path through the column and 

consequently, are eluted later. This is illustrated in the 

chromatogram shown "in Pigure A2. As $hown, the oxygen is eluted 

after th~ larger SP, molec~le. 

The sample travels through the c~lumn to an ECD where 

raaiation i. continuously emitted, resulting in a continuum of 
, 
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electrons between the source and detector. As electronegative 

gases pass through the arc between the cathode and anode 

negative ions are formed. This causes a decrease in the voltage 

reading which can be converted to a concentration reading once 

the instrument is calibrated. 

CALIBRATION OF A Ge FOR SP6 

The response of an ECD is a decreased voltage as the 

result of an electroneqative gas like SF6 capturing electrons 

created by a radiating source. This voltage drop can be 

converted to a concentrati~n reading on a peak height or area 

basis. A strip chart recorder can be used to plot the changes 

in voltage and consequently, will show a peak relative to the 

baseline reading as SP6 passes. 

To calibrate the Ge strip chart recorder. standards 

are prepared as outlined in Appendix III. The standards are 

in jected into the GC and the peaJcs formed are then useq as a 

reference peaks. Bence, a peak whose height or area i8 doub1ed. 

depending on the mode of operation, is tJliice the concentration 

of the standard, assumin'g operation is within the linear range 

of the detector. The lin~ar range is defined up to the 

concentration where detect~.r saturation beqins. Multiple 

standard concentrations are used to find a calibration cuzve 

(Figure A3). This curve is then uaed to define sample 

concentrations. 

Por saJllplea containing .ore than one electronegati ve 

9as, the retention ti.e of tbe 9a ••• in the coluan must be 
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noted. For exaaple, SP, .lute. before ozyqep. ~. calibration 

onJ.y appli.. to the calibration 9a. and therefore, one .u.t mow 

"hen the 9" i. eluted. 
( 

An inteqr~tor like the Bewlett Packard 3390A uaed in 

the te.tin9 .uch .i.plifie. the analy.i. and calibration of a 

Ge. It auto.atically record. peak height or area and re.olv •• 

tho •• relative to .tandard. to "qive the re.u.ltant concentration. 
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1) .. 1 •••• 9.7 JI: 10-8 .l/. of SI', u.in9 .ir a. av caxrier g •• 

into the fre.h air .upply .y.te. and ••• ple the air being 
, 

.uppliee! to tha intarior and peri •• ter aon •• att--.rr--Jaitin9 40 .. 

&a.pl. duration i. one ainute. 

2) Sequen:tially rele •• e 1.8 JI: 10-8 .l/. vith air .... c.rrier 

in aaeh fre.h air Bupply duct and colleet one minute .a.ple. 

further ~OWD.tre .. after 30 • ha. el.paed. 

l) Relea.e 1.3 x 10-7 .3/a vith air a. a carrier for one minute 

uniformly throuqhout the mechanical room. Wait one hour and 

then .enitor the decay in the work placea. 

Core 3: 

1) Sequentially releas. 9.3 x 10-8 m3/s in each freah air 

supply duct and measure downstream after a110win9 for 

equilibration. 

2) Take a sample in th. meehanieal room to check for SF6 

contaaination. \ 
l) aele.a. 9.3 x 10 -8 m3 la J.n\''the fre.h air .upply,syatem and 

.ait one minute and then •• mple th4'P8rimeter and interior aone 

.upplie •• 

• 
152 



• Core .. 

1) Repeat the abov. procedure. 

2) •• 1 •••• 9.3 x 10-8 .3/. for on •• ioute througbout th. 

_chanie.l roc.. 

Cor. 3 

Rel.a •• 1.7 x 10-7 .3 la for one ainute throughout th ••• chante.l" 

roc:a. 

Core8 1 .nd 2_ 

1) Release 1.7 x 10-7 .3/a for one minute throughout the 

meehanieal rooms. 

2) Return to tower Bast2 and wait one hour and th.a monitor the 

deeay in the work places. 

, 10 th PLOOR~ '- NORTH TOWBR 

1) Sequentially release 5.0 x 10-8 m3 la Wi[h air a8 a carrier 

goas in the fresh air aupply ducts and wait one minute and s.mpl. 

further downstream. 

2) Release 1.5 x 10-7 m3/8 with air as a carrier g.s in the 

fresh air supply 8ystem and sample on the downstream aide of th. 

floor aupply fan after one minute. 

3) lnereas. th. releaae rate to ".5 x 10"5 .3/a , .114 ·r.l.~ •• 

tbroughout th ... chanical rooa for one IU.nute. 
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4) wait one hour aDd tben aonitor the decay in th. work placea. 

Core 2 

- l) Releaae 9.7 li: ~0-7 .3/a in the freah air aupply ay.te. and 
. \ ' 

••• ple both the interior and peri.eter zonea supply after 

vaitin9 two minutes. 

2) Release 1.7 li: 10-8 .3/s into the freah air 'au'pply ducta and 
" 

sample furtber downatream. 

Core 2 

l) Repeat the above procedure. 

2)- Release 1.8 x 10-7 .. 3/a t.hroughout the •• chanieal roo. fox 

one minute. 

Corea 1 and,2 

1) Repeat the atep in •• ch cor •• n4 vait hait., hour Hfo .... 

1) s ••• proc.dur ••• outliaecl for tb. lZth f]por .xc.pi: the 

fin.l r.l ••••• in th ••• chaaicel roo •• ahould be inèr .... d to 

3.2 x 10-7 .3/. and the 4ecaJ' Poulet be IIODitorecl .fter waitJ.A9 

• fu1~ bou. 

Li X 'r SiZi$$(I$ i : ',....tAM' • l itiAflCZllœ::4a 4 , 
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l,5th FLOOR, EASTl TOWER 

1) The same procedure as the 14 th however, the final'release 

rate should be increased to 3.8 x 10-7 m3/s. 

~ 1 

9th PLOOR, BAST2 TOWER 

1) a.lease 1.7 x 10-8 m3/s into the fresh air supp1r .y.te. and 

sample the perimeter and interior zones supply after one minute. 

2} Sequentially release the same amount into the freah air 

supply ducts and sample further downstream. 

C0re 3 

l ) R!lpea t the al)ove. 

Cozoe 4 

1) aelea.. 1.4 x 10-6 .• l/. for on. aiout. tbrougbout th • 

•• chanical rooa and the r.tuzoD to cor. 3, and r.1.... 1:0 x 

10-7 .3/. for on •• inute throughout th. core. W.it on. hour 

bal ore aonitoring th. d.cay in the vork plac.~. 

l8th l'LOO., D8~2 'fOWD 

1) •• 1 •••• 14.7 x 10-8 .3/. vitb air a •• cazori.r V •• 
1 

a •• uen~i.lly ioto the fr.ab air .upply ducta and ••• pl • 

.... u.a . 
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2) ltepeat thi. r.l_a. iD/ th. fr.ah air aupply ayatu and .lt.r 

ODe Jainute, auapl. the periaeter and iDterior àone auppliea. 

3) .el •• a. the aa •• vay throu9hout both cor •• for one ainG'te 

aDd alter 15 .{Dut ••• oDitor th. dacey in th. vort plac •• of 
'v 

28 th PLOOR', ROaH 'l'OIfD 

Hot available. 

. -_. 

1 . 

l" 
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Diffuaional effecta of a tracer 9.a are ouly of 

conoern when "aing the rate of aecay aethoa in ventilation 

atudiea. It ia to ainiai&e ita effecta that a un~for. initial 

concentration ia requited in the are. being aoni tor~d. Pick' a 

lawl 

where; 3x/3t ia th. diffuaive velocity (ca/a), D ia the 

diffusion coefficient (ca2/.), and C i. a concentration qiven a • 

•••• per unit volua., govema diffusion in air. 

Aaauainq the SP~ .olecule ta he apherical, the diffuafbn 
\ 

coefficient cao he found by Birachfelder's aqu.tionl 

wbera in v.ntilatio~ atudi •• s D i. in\'(ca2/a), b .. (10.7 

2 •• '(1/.air + l/.S. ~ x 104 , .. ia aolecular weight, , i. in 
, , 

A~ •• , .12 ia th. colli.ion di ••• t.r (Ao), ID ia the colli.10n 

integral for diffu.ion wbich i. a functioR of kT/E121 k-~ 

Boltsaan'. Constant (erv/OX) and"E 12 ia th. energy of aolecular 
\ 

interaction (erg.). Purtheraore, kT/E12 ia equal ~o 28.2/ ~b 

wbere Tb i. the te.perature of co.ponent boiling point (oS). 

tiua colliaion di_eter of •• , iD air ia 9iftli »yI 

15. 
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whera V 18 the atomic volume of SF6 whose bonds are 

approxi$ate1y 1.35 AO as outlined by Cotton and Wilkinson [6-5]. 

Therefore, the diffusion coefficient is 0.5413 cm 2 /s. 

Subatitutinq this value in to Birschfelder's equation and 

knowing that 35 ppb on a volume to volume basis is equ~valent to 

209 ppb on a ma88 to volume basis at room temperature and 

standard pressure and that ac/ ax is typically about 0.02 ppb 
~ ~ 

per Metre, the velocity of SF6 in air is only 0.0001 cm/s. 
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