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- ABSTRACT

#. Ventilation effectiveness measurements were made in two office buildings employing the age-

of-air approach. The objective of these tests was to study the applicability of the associated
tracer gas procedures in mechanically ventilated office buildings. Experimental issues were
investigated including the ability to establish a uniform tracer concentration at the start of the test
and the relationship of ventilation system configuration and system operation on the test
procedure. The test results indicate good mixing of the ventilation air within the occupied

space. In addition, experience was obtained with the measurement procedures that will assist
the development of a standardized approach to measuring ventilation effectiveness in the field.

INTRODUCTION

Ventilation systems are designed to provide adequate amounts of outdoor air, to distribute this
outdoor air throughout the occupied space, and to maintain thermal comfort. There are
numerous design features and performance parameters relevant to these goals. Ventilation
effectiveness has been described in general terms as the ability of a ventilation system to meet its
design objectives (1). Specific definitions of ventilation effectiveness also exist that address air
mixing within ventilated spaces. These definitions are based on concerns that significant

5 quantities of supply air may be flowing directly into the return or exhaust without reaching the

: occupied space, so-called “short -circuiting.” In such situations, appropriate amounts of outdoor
air may not be delivered to the occupied portions of the space and internally-generated

= contaminants may build up to undesirable levels,

The ability to evaluate the existence of short-circuiting in the field and to assess the performance
of innovative approaches to air distribution is limited by a lack of validated measurement
procedures to assess ventilation effectiveness. A variety of procedures have been suggested,
and some laboratory and field applications of these procedures have been conducted. Of these

% various procedures, the age-of-air approach is one of the more promising for use in the field (2-
{6 4). The ventilation effectiveness measurements conducted to date in U.S. office buildings using
the age-of-air approach indicate good mixing of the ventilation air within ventilated spaces (5,6).

% While these measurements have not identified serious problems of short-circuiting, they have

¢ noted problems of air distribution on larger scales within buildings. For example, situations
% have been encountered in these and other studies in which whole floors or other large areas
= within buildings do not receive appropriate propostions of supply and outdoor air.

% This paper describes ventilation effectiveness measurements based on the age-of-air approach
and tracer gas decay techniques in two mechanically ventilated office buildings. A detailed

; description of these tests and the resulls is contained in reference (7). These tests were

; conducted in order to investigate the applicability of these measurement techniques in the field.
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Because these procedures have had only limited use in the field, many questions remain
regarding procedures to establish initial conditions, the effects of envelope infiltration and
ventilation system operation, data interpretation and the level of accuracy achievable in the field.

The measurements in both buildings employed an automated tracer gas measurement system that

has been used previously to provide continuous measurements of building air change rates and

employs sulfur hexafluoride (SFg) as the tracer gas. The system controls tracer gas injection

fmd air sampling, records SFg concentrations, and monitors and records outdgor weather,
indoor temperal_ure_ and fan operation status. The installation of these systems in the Overland
and Portland buildings are described in references (8) and (9).

BUILDING AND VENTILATION SYSTEM DESCRIPTIONS

The first building is located in Overland, MO, about 2.5 km (4 miles) west of St. Louis, and
consists of seven floors, five above grade and two below. The building has a total floor area of
about 35,100 m2 and a volume of about 129,000 m3. A detailed description of the building,
including floor plans and air handler schematics, is contained in reference (8). The HVAC
system is a variable air volume (VAV) system that utilizes unpowered VAV units in the interior
zones of the building and fan powered units in the perimeter zones. The building ventilation
system is zoned horizontally with two air handling systems on each floor serving the east and
west sides of the building. A separate air handling system serves an atrium.

_In conducting age-of-air measurements with the tracer s decay techni is inj

. into the bu‘i!ding in order to achieve the required initial ﬁnditizzs cfhan::li':;Z:Jr;.:c;;cg;sgfsmjwwd

concentration lhroughout the building. The tracer gas injection locations are based on the layout

: _of the bmklim_g and its ventilation systems. One approach is to inject tracer gas at a cons*tam{ate

E }nso tf_ie building air handlers until equilibrium conditions have been achieved During £J1e
injection, some adjustment of the injection flow rates will be required so that ;all portions of the

building attain the same equilibrium concentration. Depending on the building, it may take 8

hours or more to reach a uniform concentration, and the degree of uniformity achievable in a

The second building, located in Portland, OR, is a seven story office building with a one story given building may be limited

basement and a two story underground parking garage. The conditioned office space within the
building has a floor area of approximately 34,600 m2 and a volume of 134,000 m3. A detailed
description of the building, with floor plans and air handler schematics, is contained in reference
(9). A penthouse mechanical room houses the main HVAC systems, consisting of three large,
dual-duct VAV air handling systems, one serving seven floors of the center of the building and
the others serving the east and west sides.

B Once a uniform tracer gas concentration is attained in the building, the tracer gas injection is
. stopped and .the trac.er gas concentration decay is monitored at selected points in the building.
. The age of air at a given location is determined from the following equation:

-1 ("
ti—qj; Ci(v) dt 3)

. where Cj(1) is the tracer gas concentration at time t an
| tests, th.is integral was evaluated based on numerical integration of the concentrations measured
- at 10 minute intervals using the automated tracer gas monitoring system. The nominal time
| constant T, for the building was determined based on the tracer gas concentration in the buildin
- just before the tracer gas injection was stopped, as given by the following formula: ¢
_CqV
n=Tq 1G]

. where Ceq is tl}e building average of the equilibrium tracer gas concentration, V is the building
- volume and q is the tracer gas injection rate.

VENTILATION EFFECTIVENESS MEASUREMENT PROCEDURES

The ventilation effectiveness measurements in these two buildings employed the tracer gas
decay technique to determine the age of air (2-4). The average age of air at a location is defined 3
as the average amount of time that has elapsed since the air molecules at that location entered the
building. The local age of air at a point is denoted by 1;, and the local age of air averaged overa
particular space is denoted by {t). The inverse of the building air change rate is referred to as the 3
nominal time constant of the building t,. The local air change effectiveness €; characterizes the = =
ventilation effectiveness at a specific location and is defined as

€ = Tn/T. ) 3

d Cj is the concentration at t=0. In these

T

The mean air change effectiveness of a building or a space 1 is a measure of the overall air
distribution pattern for the building or space and is given by

1 = Tt). @

If the air within a space is perfectly mixed, then the local age of air 1; will be the same
throughout the space and equal to t,. The value of {t) will also equal t,,. The local air change
effectiveness €; at all locations within the space and the mean air change effectiveness 1 for the :
space will equal one. In the idealized case of pure piston flow through the space, T; will be :
minimized near the supply and maximized near the retum. The mean age of air for the space (t)
will equal 1,/2, and therefore 1 will equal 2, its maximum value. The local air change :
effectiveness €; will be below one near the return and above one near the supply. If there is
non-uniform air distribution within a space, those locations with poor ventilation air distribution
will have local ages of air that are higher than the space average. Locations in the so-called
"stagnant" regions will have values of t; that are relatively large and values of ¢, significantly
less than one, a generally undesirable situation. With significant stagnation in a space, the value &
of 1 for the space will be below one. :

" RESULTS

- This section presents a summary of the results of the measurements in the two buildings. Five
+ lests were conducted in the Overland building, and four were conducted in Portland In Lhe first
4 two Qverland tests, the decay was monitored in the same 15 return airstreams that w.ere

. mom!omd during the injection. In these tests, the age of air in these returns were measured as

* an indication of the differences in the outdoor air delivery rates to the 15 building zones. In the
3 mhers tests, the age-of-air measurements focused on either the west or east sides of the '

2 __b‘ulldmg. In these tests, the age of air was measured in the return airstreams on the desi gnated

. side of the building and in selected locations in the occupied space at a height of about 1.5 m (6]
ft) abovF the floor. In the four Portland tests, the age of air was measured in each of the' three

| relum airstreams (central, east and west) and about 15 locations within the occupied space.

- While there is not sufficient Space to present all of the test results, Table 1 contains an example
i of the results for one of the Portland tests, The first column of the table contains the location of
j ‘tht? measurement, with the results presented in three groups based on the three zones in the

: :bulldmg. Retumn fans #6, #7 and #8 correspond to the center, east and west portions of the
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building respectively. The occupied space locations in each group are in the zones served by the
designated return fan. The column numbers used to identify the measurement locations refer to
floor plans contained in reference (9). The second column of these tables contains the initial
tracer gas concentration C; ¢ at each location. The next two columns contain the age of air at
cach location, with values obtained in the return airstreams designated as T, and values obtained
in the occupied space designated as 1, The last two columns contain the air change
effectiveness. For the return airstreams, the air change effectiveness is defined as the nominal
time constant of the building 1, divided by age of air in the corresponding return airstream 1,.
For the occupied space locations, the air change effectiveness is defined as the age of air in the
corresponding return airstream 1, divided by 1, The value of T, is given at the bottom of the
table. The location marked with the symbol * has a value of C; o that is more than 20%
different from the mean value of the equilibrium concentration in the building returns.

Table 1. Results of Portland Test B

Location Ci.0 (ppb) Age of Air (hours) Air Change Effectiveness
Retum, Ty Space, 14 Tn /T T /T
Return fan #6 79 2.13 -- 0.89 -
7th floor, column Q14 73 -- 2.06 -- 1.03
6th floor, column Q14 78 - 2.11 - 1.01
Sth floor, column Q14 67 -- 2.32 -- 0.92
4th floor, column Q14 79 - 2.08 - 1.02
3rd floor, column Q14 69 - 2.23 -- 0.96
2nd floor, column Q14 79 - 2.10 -- 1.01
1st floor, column Q14 70 - 2.24 -- 0.95
Return fan #7 70 2.25 - 0.84 -
7th floor, column M22 70 - 2.25 - 1.00
5th floor, column M22 73 - 2.24 - 1.00
3rd floor, column M22 64 -- 2.41 -- 0.93
1st floor, column M22 80 - 2.07 - 1.09
Return fan #8 67 2.35 - 0.81 -
*7th floor, column V4 90 - 1.77 -- 1.33
5th floor, column V4 77 -- 2.10 - 1.12
3rd floor. column V4 70 - 2.17 - 1.08
Ist floor. column V4 75 -- 2.29 - 1.03

Tp = 1.90 hours

Initial Conditions

These measurements require initial conditions of a uniform tracer gas concentration throughout
the building. In the Overland tests, it was necessary to control and adjust 15 tracer gas injection
rates in order to achieve a uniform tracer gas concentration. The standard deviation of C; ) for
the fifteen retumn airstreams was 10% and 19% of the mean value for the first and second tests
respectively. The uniformity of C;  among the returns for the other three tests in Overland was
about 10%. The values of Ci o at the occupied space locations exhibited more variation than the
returns. Because the Portland building has three central air handlers that serve all seven floors
of the building, and because the central, east and Wwest zones communicate freely on the floors,
it was much easier to achieve a uniform tracer gas concentration in this building than in
Overland. There were few locations within the occupied space that deviated significantly from
the average equilibrium concentration in the return ducts. Locations with a values of C; o that
were more that 20% different from the mean value of the equilibrium concentration in the
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building were considered separately in the analysis. A\ most one such location existed in each
of the Portland tests, while 3 or 4 occurred in the Overland tests.

Air Change Effectiveness Values

Table 2 summarizes the air chan ge effectiveness measurements at the occupied space locations
in the two buildings. For each test the mean and standard deviation of the air change
effectiveness is given for all of the occupied space locations and for those locations with values
of C; g within 20% of the mean value of Ci0- The air change effectiveness presented here is
based on the age of air measured in the return duct serving that location rather than the nominal
time constant of the building. The return age of air was used rather than the nominal time
constant because of variations in the outdoor airflow rates to the various building zones. If the
air change effectiveness at a location was determined using T, as the reference, then the air
change effectiveness values would have covered a much wider range and may have been
misinterpreted. When local age of air is compared with the nominal time constant, the resultant
air change effectiveness combines the effect of nonuniform outdoor air distribution to the
different zones of the building and the effects of ventilation air mixing within the ventilated
space. While both effects are important, one needs to look at them separately in order to
evaluate and understand ventilation system performance in terms of air distribution,

Table 2. Summary of Air Change Effectiveness Test Results

Test Air Change Effectiveness Air Change Effectiveness
All Occupied Space Locations Locations with C; 0 within 20% of Mean
Mean Standard Deviation Mean Standard Deviation
Overland 3
Test C 1.11 0.25 1.03 0.10
TestD 1.19 0.17 1.24 0.17
Test E 1.03 0.13 1.00 0.07
Portland
Test A 0.93 0.10 - -
Test B 1.03 610 1.3 .06
Test C 1.00 0.14 0.97 0.11
TestD 1.05 0.11 1.07 0.17

The values of the air change effectiveness are generally close to 1.0, the value for conditions of
perfect mixing of the ventilation air. Given the limited amount of field testing that has been
performed to date, it is not yet possible to reliably estimate measurement errors and to state how
large of a deviation from 1.0 is significant. Based on existing experience, measurement errors
are thought to be no smaller than 10% (3, 6). Neglecting the measurements for which Ci o was
more than 20% from the building average had little effect on the mean value of the air change
effectiveness. but generally reduced the standard deviation,

SUMMARY AND DISCUSSION

The measurements of ventilation effectiveness in the Overland and Portland buildings serve as a
field demonstration of age of air measurement procedures. They have provided additional
experience with the measurement procedures and additional building performance data. Several
important issues were addressed that need to be understood in developing a standardized
measurement procedure,

In using the tracer gas decay technique, the ability to achieve a uniform tracer gas concentration
is critical. In these tests, the equilibrium tracer gas concentration was generally within 10% of
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the mean throughout the building, though some larger differences did occur. While additional
study is required to determine if 10% is an appropriate limit for concentration uniformity, it is
encouraging that this degree of uniformity was achievable under such difficult circumstances.
Attaining uniformity required almost an entire day and involved adjusting the HVAC system
controls to keep the outdoor air intake rate as constant as possible. Unexpected modulations i
the outdoor air intake rate or inabilities to attain equilibrium for other reasons caused some tes
to be aborted. The impact of modifying the HVAC controls on the rest results are not known.
In a given building, the system operation characteristics under which reliable measurements ¢
be conducted may severely limited.

The issue of what value should serve as a reference when computing ventilation effectiveness
from the age of air in the occupied space has been addressed before (5). The use of the nomi
time constant of the building t,, is inappropriate because its use combines the effects of
nonuniform outdoor air delivery throughout the building with the effects of nonuniform
ventilation air mixing within the occupied space. It is more appropriate to use a value of the age
of air in the return air for the space in question. The ventilation system layout and zoning will
affect exactly where the return age of air can be measured. Additional research is needed to
determine the most appropriate reference value for local age of air measurements.

Even with the measurement difficulties and uncertainties, the values of air change effectiveness
in the occupied space were generally near 1.0. Some deviations from one did exist, but based
on the limited experience with these measurement procedures it is not clear whether these
deviations are significant. Nonetheless, the results are consistent with good mixing of the
ventilation air within the occupied space, as has been the case the limited testing to date (5,6).
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