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SYNOPSIS

Based on current concerns regarding indoor air quality and energy
use, there is a need for in situ techniques for evaluating
buildings' infiltration and ventilation characteristics. The U.S.
National Bureau of Standards has developed and employed equipment
and techniques for such evaluation. The measurement of whole
building leakage and ventilation rates has been reported on
previously.

Additional procedures are presented here for a more complete
evaluation of the ventilation system operation and the
distribution of air within the building. The measurements reveal
both the amount of outside air infiltrating through the envelope
and the amount of intentional intake through the air handlers.
Tracer gas techniques to study the uniformity of air distribution
throughout a building are also discussed.

These in situ evaluation techniques are described and results from
their application are presented. The measurements reveal that, in
some cases, a significant amount of a building's net ventilation
rate is due to envelope leakage as opposed to intentional outside
air intake through the air handling system. Also, air
distribution inadequacies are often encountered in buildings,
leading to effective ventilation rates of occupied zones which are
less than intended or advised.

INTRODUCTION

The infiltration and ventilation characteristics of mechanically
ventilated buildings are areas of increasing importance, The
performance of the ventilation system and the air leakage
characteristics of the building envelope impact upon energy use,
thermal comfort, and indoor contaminant levels. The use of new
ventilation system and envelope designs, and attempts to decrease
energy use, have additional effects on ventilation. This
situation leads to a need for in situ measurement techniques to
evaluate the infiltration and ventilation performance of
buildings. The factors which require evaluation include envelope
airtightness, mechanical ventilation rates, and interior air
distribution or ventilation effectiveness. Basically, one needs
to evaluate the design and performance of the building envelope
and mechanical ventilation system as they relate to the goals of
providing a safe and comfortable environment for the building
occupants without an excessive expenditure of energy.

Avariety of tracer gas measurement techniques already exist to
characterize building infiltration, and ventilation, and new
techniques are being developed. Single tracer gas decay
techniques have been developed and employed for determining whole
building infiltration inﬂ ventilation rates, and these have been
reported on previously.“”  These techniques are used to study the
weather dependence of infiltration and ventilation rates, but do
not distinguish between envelope leakage and intentional outside
air intake. More recently, techniques have been developed to
study the performance of ventilation systems including the
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separation of envelope leakage rates from intentional outside air
intake rates, and the determination of the rates of recirculation
of return air and total airflow through the ventilation systemn.
In addition, techniques to quantify interior air distribution
performance or ventilation effectiveness are also being developed.
This paper discusses these tracer gas technigques for the
characterization of ventilation and infiltration in mechanically
ventilated office buildings. Past work involving single tracer
gas decay is briefly summarized. 3Single tracer measurement
techniques, developed more recently, to determine ventilation
system performance and ventilation effectiveness are also
presented along with some preliminary results of their
application. In general, the material in this paper concerns
modern mechanically ventilated office buildings, but much of the
discussion is relevant to other building types.

WHOLE BUILDING DECAY MEASUREMENTS

Various tracer gas decay techniques have been applied to
mechanically ventilated office buildings to measure infiltration
and ventilation rates. NBS has employed an automated system to
collect a lgrge amount of data in about one dozen office
buildings,z' The measurement technique and results have been
reported on previously, and are described briefly below.

Measurement Technigue

The measurement system employs the tracer gas decay technique,
using sulfur hexafluoride (SFg) as the tracer and measuring its
concentration with an electron capture detector gas chromatograph.
The system is completely automated with a microcomputer
controlling tracer injection, air sampling, and concentration
measurement, performing data analysis, and recording the
infiltration rates and weather conditions. The system operates
totally unattended for periods of several weeks and yields
continuous measurements of hourly, average air exchange rates. It
is typically deployed in a building for several weeks during each
season of the year in order to obtain measurements under a wide
range of weather conditions.

In the tracer gas decay method it is important to begin the
concentration decay with a uniform tracer gas concentration
throughout the building. This can be ensured by using injection
strategies appropriate to the building and verified by sampling at
several locations in the building. Most large buildings have
several main air handlers which serve the bulk of the building,
and the tracer must be injected into the supply duct of each one
to get the tracer throughout most of the building volume.
Buildings often also have smaller air handlers for spaces such as
lobbies, and tracer must also be released into the supply ducts of
these systems. Such a multi-point injection strategy distributes
the tracer throughout the building. After the tracer gas
injection, one must wait for the tracer to mix with the interior
air until a uniform concentration is obtained. The operation of
the air handlers assists in mixing the tracer, but it can still
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take from twenty minutes to one hour to obtain a sufficiently
uniform tracer gas concentration. It is necessary, however, to
verify that the concentration is indeed uniform. This is done by
sampling the tracer concentration at several locations within the
building. In actual installations, these sampling locations have
generally included return air shaft openings on each floor of the
building, main return ducts of large air handlers, and return
ducts of any smaller air handlers. The specific locations for
tracer injection and air sampling depend on the building layout
and air handling system design.

The past studies of office buildings have included measurements of
both ventilation and infiltration. Ventilation rates refer to
measurements made with the building HVAC system operating normally
under occupied conditions. In this case the spill and intake
dampers open and close as the control system dictates, in response
to inside and outside temperature and humidity, and time of day.
Infiltration refers to uncontrolled air leakage through the
building envelope. These measurements are made with the spill and
intake dampers closed (including minimum outside air dampers), all
local exhausts off, and the air handlers running. These test
results provide an indication of the airtightness of the building
envelope. The operation of the fans during these measurements is
necessary for mixing and may affect the test results through local
pressurization and depressurization within the building, or
through leakage across the intake and exhaust dampers., In several
cases these dampers have been sealed with polyethylene, and the
infiltration rates were no different than those measured without
the dampers sealed.

Measurement Results

The results of the past measurements have provided a great deal of
information with regard to infiltration and ventilation
characteristics of office buildings. The infiltration
measurements have shown a range in the air exchange rates of
buildings, and varying degrees of weather dependence of the
infiltration rates for the various buildings studied. In several
recently constructed office buildings, the measured infiltration
rates ranged from about 0.1 to 0.7 exchanges per hour, except
under extremely windy conditions. These infiltration rates, which
consume energy even when the building is unoccupied, account for
20 to 60% of the buildings' design heating load.” Some of the
buildings' infiltration rates show significant dependence on
inside-ocutside temperature difference and wind speed, while others
were insensitive to weather conditions, No correlations between
building characteristics, such as height, and the extent of
weather dependence were observed.

The ventilation measurements have also revealed important
findings. The measured ventilation rates were found to vary with
weather conditions due primarily to the effect of the control
systems and, to a lesser degree, due to uncontrolled infiltration.
Typically the buildings have low ventilation rates under heating
and cooling conditions when the control system brings in a minimum
amount of outside air in order to control the space conditioning
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load., These minimum rates range from about 0.2 to 0.6 exchanges
per hour, except under extreme weather conditions. During mild
weather, outside air is used to cool the buildings and large
ventilation rates are induced. This pattern of low ventilation
rates under heating and cooling conditions and higher rates during
mild wgfther was exhibited in almost all of the buildings studied
by NBS.

The ability to determine actual building ventilation rates and
compare them to design values and recommended outside air intake
levels is an important feature of whole building ventilation
measurements. If the measured ventilation rates are extremely
low, the air quality within the building may be compromised, but
if they are too high an excessive amount of energy will be used.
The measured minimum ventilation rates in several office buildings
were compared to the recommendations of the American Society of
Heating, Refriggrating and Air-Conditioning Engineers (ASHRAE)
Standard 62-1981" for office spaces with smoking present. Roughly
one-third of the buildings were found to be ventilated at rates
significantly above the standard, one-third were close to the
standard, and one~third were ventilated at rates lower than the
standard recommends. In two of the buildings, the measured rates
were less than 50% of the ASHRAE recommendations.® The existence
of such low ventilation rates has important implications for
building operation, and points out the value of and need for in
situ measurement of ventilation rates.

The ventilation data also revealed the importance of uncontrolled
air leakage through the building envelope as a component of the
net ventilation rate., Under conditions of minimum intentional
outside air intake, the measured net ventilation rate of several
buildings was found to increase with temperature difference. This
occurs because temperature dependent infiltration increases and
becomes comparable in magnitude to the intentional ventilation
rate. Also, high net ventilation rates due to the influence of
wind-induced infiltration were also observed. Several buildings
exhibited this property of weather induced infiltration being a
significant, or even predominant, portion of the net ventilation
rate. Thus, the measurements revealed that modern office building
envelopes are not necessarily airtight, and under extreme weather
conditions there is 1little control of the net ventilation rate.
Such uncontrolled leakage occurs continuously, and can account for

a significant waste of energy and adversely affect thermal
comfort.

In the ventilation measurements discussed above, there were also
indications of nonuniform air distribution within the buildings.
One example in a 26-story officez?uilding in Newark, New Jersey
has been described previously. In this building the SF

concentration was sampled on several floors of the building, an

the results were quite similar on all floors except for two. On
these two floors the initial SFg concentration was significantly
less than in the rest of the building, as was the decay rate.
This indicates that the supply airflow rate for these floors was
proportionally less than for the rest of the building, and
therefore these floors have lower ventilation rates. Other
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examples of such large scale variations in internal air
distribution and local ventilation rates have been observed, and
similar problems are suspected to exist within individual rooms.
When specific areas suffer from poor air distribution, they may
have indoor air quality problems even if the whole building or
room is adequately ventilated. Tracer gas measurement techniques
to quantify air distribution are discussed below.

VENTILATTION EFFECTIVENESS

The NBS ventilation measurements, and other experience, has
pointed out the potential for inadequate air distribution within
mechanically ventilated buildings. In order to quantify building

or room air distribution, the concept of ventilation effectiveness

has been developed. Several definitions and associated
measurem?nq(?rocedures exist and have been applied in experimental
studies.'”™ In this section existing definitions of ventilation
effectiveness are discussed, along with practical considerations
affecting their use in mechanically ventilated office buildings.
A more detailed discussion of ventilation effectiveness
definitions and their application to mechanically ventilated
buildings is presented in reference 11.

Definitions of Ventilation Effectiveness

Several definitions and theoretical frameworks have been used to
discuss ventilation effectiveness. One group of ventilation
effectiveness definitions, referred to here as "concentration
efficiencies," are based on relations between pollutant or ftracer
gas concentrations in the supply air, the,f aust air, and at
locations within the ventilated space,'”™ A steady-state
concentration efficiency has been defined, which is measured with
a tracer gas by injecting the gas at a constant, known rate into
the zone being studied and waiting until the concentrations reach
equilibrium., The injection strategy, including the location of
the source and whether it is diffuse or a point, depends on the
nature of the pollutant one wishes to simulate. There are also
transient ventilation efficiencies, which are measured by starting
with the tracer gas distributed within the space and no tracer gas
sources. Various transient efficiencies are defined based on the
ratio of the exhaust concentration to the concentration at some
location within the occupied space. These definitions include the
ratio of the instantaneous exhaust concentration to the
instantaneous concentration in the space, and the ratio of the
integrals of these concentrations over time,

Age distributions and residence times, concepts employed in
chemical reactor engineering, h %(?lso been applied to the study
of ventilation effectiveness,”? Ventilation effectiveness
definitions based on age distributions involve average ages of
interior air and residence times of contaminants. To determine
ventilation effectiveness, these ages are compared to their values
under conditions of perfect mixing within the ventilated space or
pure piston flow through the space. Various tracer gas
measurement strategies are used to determine these age
distribution efficiencies. These involve tracer gas injection at
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a constant rate into the room or supply airstream, and pulses into
these same locations. The time responses of the exhaust and/or
room concentrations are §q8n1psed to determine the age or
residence time of interest.”?'~"

Both concentration and age distribution efficiencies have b?ea
applied in experimental work in laboratory test facilities.'”™
These rooms have reconfigurable supply and exhaust opehing
positions, and controllable supply air temperature, ventilation
rates, and internal thermal loads. The rooms are essentially
airtight with airflow in and out of the space occuring only
through the ventilation system. In these tests, various measures
of ventilation effectiveness have been determined under a range of
conditions., These experiments have been extremely useful in
studying the occurrence of short-circuiting between the supply and
return air vents, stratification of room air, and the performance
of alternative ventilation strategies.

Ventilation Effectiveness Measurement in Bujldings

While the experimental study of ventilation effectiveness in test
rooms has been useful, it is also important to measure ventilation
effectiveness in actual buildings. The application of the tracer
gas measurement procedures discussed above 1s difficult in real
buildings for various reasons discussed in this section., One
problem is the difficulty in defining and measuring the exhaust
concentration. Most modern office buildings, especially in the
U.S., employ ceiling return plenums., The exhaust air vents are
simply openings in the dropped ceiling through which room air
flows into the plenum space, mixes with return air from other
locations on the same floor, and flows to an opening in the return
air shaft. There are generally only one or two return air shaft
openings per floor, and therefore a well-defined exhaust
concentration measurement point exists only for whole floors or
large portions of floors. To measure the exhaust concentration
for a smaller area, even a single room, one must sample the air at
several return air openings into the ceiling plenum. This
procedure can be impractical in many cases due to the large number
of measurement points and limitations of the measuring equipment.

Depending on the particular measure of ventilation effectiveness
being employed, and the size and arrangement of the space being
studied, the required tracer gas injection may be difficult to
achieve. The application of certain measures of ventilation
effectiveness in a large area of a building requires a diffuse
tracer gas injection in the lower, occupied zone of the ventilated
space. The diffuse injection of tracer throughout a large area at
a rate that is uniform in units of ftracer gas flow rate per floor
area may be difficult.

Another problem in measuring ventilation effectiveness in
buildings is associated with the difference between an airtight
test room and a ventilated space in an actual building. In the
laboratory test facilties discussed above, air enters only through
supply vents and leaves only through the exhausts, leading to
well-defined supply and exhaust airstreams and concentrations. In
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this situation all quantities of interest (airflow rates, mixing
factors, residence times, and ventilation efficiencies) can be
determined with a single tracer gas in a straightforward manner,
In real buildings, the space under study is subject to additional
airflows to and from adjacent interior spaces and in and out
through exterior walls. The supply and exhaust concentrations are
no longer well characterized, and the existence of the additional
airflows greatly complicates the situation. Even if one
determines a value of the ventilation effectiveness, the results
are no longer related to the quantities of interest.

Finally, almost all procedures for measuring ventilation
effectiveness assume there is no recirculation of the return air.
However, ventilation systems operate with 100% outside air intake
only during limited periods of time. To study the ventilation
system performance of actual buildings under realistic operation,
modifications to existing ventilation effectiveness measurement
procedures must be made £o deal with recirculation. In addition,
to characterize the ventilation effectiveness for large zones
within a building or for whole buildings, one must deal with the
fact that these spaces are often served by more than one air
handler. These air handlers may be moving different amounts of
total air and outside air. All of the above factors make the
measurement of ventilation effectiveness in actual buildings
difficult, but in many cases procedures can be employed to
evaluate the ventilation system performance.

VENTILATTION SYSTEM CHARACTERIZATION PROCEDURES

In this section ventilation system performance evaluation
procedures for use in real buildings are presented, along with
some preliminary results from their application in a three-story
office building. A technique for measuring system flows and
envelope leakage simultaneously is described, followed by a
discussion of procedures to measure ventilation effectiveness.

System Flow Measurement

The whole building ventilation measurement results discussed
previously revealed the fact that uncontrolled air leakage could
be an important part of a building's net ventilation rate, In
order to simultaneously measure this air leakage rate and the rate
of intentional outside air intake, one can employ a constant
injection tracer gas technique. This procedure is illustrated in
the schematic in figure 1. In this schematic Qpp is the rate of
intentional outside air intake, Qpc is the recirculation airflow
rate, and QSU is their sum, the supply airflow rate. QIN is the
rate of uncontrolled air leakage in through the building shell,
and Qpy is the sum of the uncontrolled air leakage out through the
building shell and the airflow out of intentional openings such as
bathroom exhausts. QR is the return airflow rate and QSP is the
airflow rate through Ehe spill dampers. Tracer gas decay tests
determine the sum of QOA and QIN’ but their individual values are
important in evaluating the ventilation system operation and the
airtightness of the building envelope.
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Figure 1 Schematic of Ventilation Evaluation Procedure

In this measurement procedure, one injects tracer at a constant
rate into the supply airstream as indicated in figure 1. One then
measures the return air concentration Cp, the supply air
concentration Cg, and the mixed air concentration Cy. Cy must be
measured some distance downstream of where the recirculation air
meets the new outside air in order to provide the two airstreams
an opportunity to mix. Similarly, Cg must be measured downstream
of the tracer gas injection location after the tracer mixes with
the supply airstream. The tracer gas mixing can be enhanced by
releasing the tracer at several locations across a supply duct
cross-section. Under conditions of good mixing, the value of Q
can be determined from the tracer gas injection rate q and the
difference between Cq and Cy. To make this determination, one
must wait for steady-state conditions, which can take several
hours depending on the net ventilation rate and the extent of
mixing within the building. From various mass balances of the
airflows and tracer gas, one can determine the values of QOA! QRC’
QSU’ and Qy from the three concentrations and the tracer
injection rate, In this analysis it is convenient to define two
ratios,

=
1]

Cu/CR

and

L QSU/(QEX + QRE) (2)

Cp/Cs

11

R, the recirculation fraction, is the percentage of return air
which is recirculated. L is called the leakage fraction.

In addition to the requirement of good mixing in measuring the
values of Cy and CS, there is another complication in the general
case in which a building is served by more than one air handler.
In this situation, it is desirable that the value of CS be the
same for all the air handlers. For a given tracer gas injection
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rate, the value of Cq depends on R, L, and Qgy, and these may
certainly vary among the air handlers, Some guesswork is involved
in determining the appropriate values of the tracer injection rate
q for each air handler, and trial runs may be necessary to achieve
satisfactory tracer injection rates.

Ventilation Effectiveness Measurement

Despite the difficulties involved with making ventilation
effectiveness measurements in real buildings, there is a need to
quantify air distribution characteristics, The procedure
discussed in the last section to determine system flows can be
extended to study ventilation effectiveness, This is done by
analyzing the tracer gas concentrations as the system approaches
equilibrium and, again, during the decay after the tracer gas
injection is turned off,

There have been only a few cases of ventilation effectiveness
measurement in real builclingsg1 )1 The work in reference 10,
done at the Norwegian Institute of Technqglogy, involved the
determination of residence times in a 400 m“ room in a hotel in
Trondheim, Norway. The room was considered to be isolated from
the rest of the building in terms of airflow and was ventilated
with no recirculation, avoiding some of the difficulties discussed
earlier. A constant flow of tracer gas was introduced into the
supply air and the fracer concentration was monitored in the
supply, exhaust, and at a location within the room. During the
build-up in tracer, the local mean age of the air at a specific
point in the room Ts and internal mean age for the entire space
{t;} are given by

Ty o= £ D1 = (G4 (£)/Cy ()] dt (3)
and
by b = (V) L1 - (C(£)/Ce (=) ] dt %)

C;(t) is the tracer concentration at the point in question, and T
is the inverse of the air exchange rate of the space. T; can be
conveniently determined by filling an air sample container at the
location of interest from the time the injection starts until the
concentration attains equilibrium. The determination of {r;}
requires the continuous monitoring of Ce(t). Both T: and {t;}can
also be determined from the concentration decay after the
injection is stopped with expressions similar to equations (3) and
(4). Skaret and Mathisen point out that when there is envelope
leakage the decay resulfs are more reliable because during build%
all the incoming air cannot be labelled with the tracer gas.
Based on the ages in equations (3) and (4) one defines a mean air
exchange efficiency as

{ng} = 1p/2{y} (5)
This efficiency attains a maximum value of 1.0 under conditions of

pure piston flow through the space and equals 0.5 under perfect
mixing. The existence of stagnant zones within the space yields a
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value less than 0.5. Local conditions are characterized by the
local air exchange efficiency

ey = {tyH/1y (6)

If the local interior air age is less than the room average age, a
generally favorable situation at that location, then e, has a
value greater than one. These quantities were determined for the
hotel space in Trondheim using this procedure on two different
occassions., The values of {nj }lwere 0,59 and QUPB and the local
air exchange efficiencies were 0.87 and 1.24, This room had a
displacement type ventilation system, which is consistent with
values of {n,} above 0,5.

The definitions in equations (3) and (4) are appropriate for the
case of a building ventilated with 100% outside air, but we also
require techniques when there is recirculation of return air. One
option is to employ these definitions with no modifications,
ignoring the fact that there is recirculation. The values of {n }
and ey will then reflect more complete mixing than is actualfy
occurrlng within the building. The values of these measures of
ventilation effectiveness will be affected by the amount of
recirculation occurring, regardless of the actual air distribution
characteristics within the building. Alternatively, a measure of
ventilation effectiveness that is not affected by the amount of
recirculation is required. This analysis is more involved than
for the case of 100% outside air intake and is not yet available.

While the analysis techniques to determine building average and
local internal ages with nonzero recirculation have not been
completed, some interesting relations have been developed. For
example, the average age of the air leaving the building, i.e. the
return air, can be determined when there is recirculation. In the
case of 100% outside air intake, this average residence time T, is
equal to T, regardless of the flow pattern within the building.
When there is less than 100% outside air intake, one may still
determine this average residence time. To do so, one considers
the average time for the ventilation air to make a circuit of the
building from the supply fan back to the return fan, T Tg is
equal to the building volume V divided by the supply alrflow rate
QSU° The average age of the return air is then given by

T

= (1-R)T, + RU-R)21g + oo + ROT(1-RINTG + ..

1o/ (1-R) 0!

As expected, when there is 100% recirculation (R=0),

One can also determine T, by analyzing the values of C and(p
during the concentration gblldup and decay. The values o CS are
not used because they rise quickly during buildup and typically
exhibit more scatter than CR and Cy, making their analysis
difficult. Also, the values of Cy and Cg are identical during the
decay, During the buildup the concentrations are given by

(¢/Qqy) [ L + RLZ + ... + RO-ILD ]

cr(nTs)

(a/Qqy) L [1-(RL)M1/(1-RL) (8a)
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Cy(nTy) = (a/Qgy) [ BL + R2LZ + ... + ROLD ]

= RCR(I’ITS) (8b)

During the decay, the concentrations are given by
CR('C + TS) = RL CR(t) (93)
CM('C + TS) = RL CM(t) (9b)

Given the average age of the return air 1, and the recirculation
fraction R, the average age of the supply air is given by

Tgy = RTe = R1g/(1-R) (10)
This equation, and equation (7), are only true after many system
time constants Tg have elapsed. Earlier in the fan operation
schedule, one must account for the age of the building air when
the fans are turned on. Depending on the values of R and T, it
may take several hours for the supply air are Tqy to approach the
value given in equation (10). If T is the average age of the
building air when the fans are turned on, then the supply air age
after n time constants T4 have elapsed is given by

Ty, (nTg) = TR & R/ (1-R) (11

For example, consider the case in which the average building air
age is 10 hours when the fans come on in the morning, R=0.75, and
T4=0.5 hr. The equilibrium value of Tg, in equation (10) is 1.5
hr, but it takes 5 hours before the actual value of Ty, is less
than 2 hours., Thus, the supply air age varies through eie day and
is strongly dependent on fan operation schedules, Note that all
of the above discussion neglects the age of the air in the
breathing zone of the occupants, which may be much older than the
supply air for some interior airflow patterns.

Measurement Results

In order to investigate the applicability of the techniques
discussed above, experiments were conducted in a three-story
office building in Plainsboro, New Jersey. This privately owned
building was completed in the fall of 1984, and an overhead view
of its floor plan is shown in figure 2. The building dimensions
are roughly 90 by 55 m, including an unconditioned atrium. The
volume of the conditioned space is 46,000 m° and the floor area is
12,000 m=. A skylighted corridor, extending all three stories, is
isolated from the office space except for glass panels and
doorways. There are two air handlers, serving the east and west
sides of the building. Openings to each fan's return air shaft
are shown in the figure, and these are the only connections
between the entire floor's ceiling return plenum and the return
fans. Note that the return air from office space near the bottom
of the figure must go all the way around the skylighted corridor
to reach the return shaft. The layout of this building suggests
the potential for air distribution problems, making this building
an interesting candidate for ventilation effectiveness tests.
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In these tests, a known flow of tracer gas was injected into the
main supply duct of each air handler and the concentrations Cy, C
and CR, as shown in figure 1, were monitored over time for eac

air handler. Once steady-state was achieved, the injection was
stopped and the decay in the concentrations were monitored.
During the buildup, and during the decay, air sample bags were
filled at six locations on the first floor, as noted in figure 2.
A1l six locations were at approximately desktop height. The tests
were carried out on two consecutive days. The results of the
steady-state evaluation of system flows are shown in table 1.
This table lists the equilibrium values of the concentrations, the
recirculation and leakage ratios (R and L), and the calculated
values of Qgy, Qpy and Qpy. Based on the differences between the
east and west sides observed on 6/13, the tracer injection rates
were adjusted on 6/14 and the equilibrium values of the
concentrations on the two sides of the building were closer
together. The values of R, L, and the airflow rates are quite
similar for the two days. As noted in figure 1, Qgy is the rate
of intentional outside air intake through .the air handlers and Q

is the rate of uncontrolled air leakage through the building
shell. Table 1 shows that this uncontrolled leakage constitutes
about two-thirds of the net outside air ventilation rate. This is
not expected since the building is intended to be operated at a

slight overpressure of the interior, which should cause QIN to
equal zero.

N

1

l I OFFICE ATRIUM
SPACE

1
j XRETURN SHAFT OPENINGS 7 E

@ Y CORE (ELEVATORS,
'@ TOILETS, STAIRS) @|
s |

SKYLIGHTED CORRIDOR

@ | BUSE |

OFFICE SPACE

AIR SAMPLE BAG LOCATIONS

Figure 2 Schematic of Test Building

The values of 1y and {rj}from equations (3) and (4) were
determined for the two days of testing in this same building, and
are given in table 2, The values of t, in this table (the inverse
of the air exchange rate) is based on the net ventilation rate of
the building, Qyy+#Qpp The fact that more outside air enters the
building through the envelope than through the ventilation system

26.12



may make the analysis procedure inapplicable. It will at least
make the decay results more accurate tq%p the buildup results, as
pointed out by Skaret and Mathisen. The values of {1 }are
calculated using equation (4) during the buildup and a varlatlon
of this equation during decay. While the values determined during
the decay are almost twice those from the buildup period, the
values are similar over the two tests. The values of {n_.}are
also given in the table. On both nights the west~buildup value of
{n,} 1is greater than its theoretical maximum of 1.0, but the
buildup values are expected to be less reliable. The averages of
the east and west down values are 0,41 and Q.44 for the two tests,
corresponding to less than perfect mixing. The fact that the down
values on the west side are greater than 0,5, corresponding to
displacement flow, may or may not be significant. It is doubtful
that the west side of the building performs like a displacement
system and the east side does not. Table 2 also presents values
of t; (equation (3)) determined at the six locations in figure 2
u51ng air sample bags. With only a few exceptions, the values at
each location are somewhat similar over the two days and for both
the up and down data. The value of e, (equation (6)) based on
these values of T; are also given and no consistent patterns are
evident. The values of the average concentrations over buildup
and decay, and the concentrations at the steady-state, at the six
different locations were suprisingly similar. This implies
relatively good mixing on the floor and no significant differences
for locations 3 and 5, which are directly below the return shaft
openings.

Cs C O R L Qgy Qoa 9y OQrn/(Qoa+Qry)

6/13/85

EAST 82,5 60.1 45.2 .75 .73 10.7 2.7 4.0 60%
WEST 100.1 70.4 57.3 .81 .70 7.0 1.3 3.0 T0%
6/14/85

EAST 76.9 547 39,9 .73 .71 10.8 2,9 4.4 60%
WEST 86.8 61,2 48,5 .79 .71 6.6 1.4 2,7 66%

Concentrations in pbb, flows in m3/s.

Table 1 Results of System Flow Measurements

The results of the residence time analysis are presented in table
3. As mentioned earlier, the average time for the ventilation air
to make a circuit of the building Tg ¢an be determined in more
than one ways. T is equal to V/Q U» and this quantity is given
in the table for the east and wes% side of the building and for
the building as a whole. Alternatively, T, can be determined
during the buildup from equation (8) and during the decay from
equation (9). These values for the two sides of the building are
also given in table 3. While the values of V/Qqy for the east and
west sides are quite different, the values of T_, based on
equations (8) and (9) are essentially the same for both sides of
the building. This may be due to mixing between the two sides of
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the building. Also, the values of T, based on the decay data are
larger than those based on buildup. However, the average of the
decay and buildup values are very close to the whole building
values of V/Qgye

6/13/85 6/ 14/ 85
East West East West

T, (minutes) 57 89 53 93

Up Down Up Down Up Down Up Down
{Ti}(min) 55 113 37 79 43 116 29 73
{na} .52 .25 1.2 ) .62 023 1.6 .6l
741(min) 55 - 50 109
To 93 105 76 80
T3 65 99 27 —
T 39 - 4o 75
Tg' 71 - 68 88
T6 60 s van 61 77
ea1 1.00 o gan 086 1006
ea2 059 1.08 057 1""’5
ea3 085 1.14 1059 —em
eau 095 = '73 1.00
eaS 052 bl 043 083
eaé .62 e 0}48 .95

Table 2 Internal Air Age Results

6/13/85 6/14/85 :
East West Whole East West Whole
Building Building
V/QSU 36 55 43 35 58 4y
T Buildup (eq (8))
Return 39 37 38 b
Mixed 43 39 42 40

Tg Decay (eq (9))
Return 53 52 52 48
Decay 50 48 49 46

Table 3  Residence Time Results (minutes)

CONCLUSIONS

In this paper we have discussed existing and recently developed
tracer gas techniques for the in situ evaluation of ventilation
system performance. Past work on whole building infiltration and
ventilation measurement was discussed and the major findings
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reviewed. The use of tracer gas to measure ventilation
effectiveness 1in mechanically ventilated buildings was also
discussed. While techniques exist for such measurements under
conditions of 100% outside air intake, the evaluation of systems
operating with recirculation is more difficult. Techniques
appropriate to this latter situation are not yet available, but
some limited evaluation is possible. Measurement procedures are
also described to separately measure the intentional outside air
intake through the air handlers and the amount of uncontrolled air
leakage through the building shell. The results of the
application of these techniques in a three-story office building
are presented and discussed.
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