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Synopsis

The effect of recirculation on the age of air is described. A new effectiveness measure
called the relative air-change effectiveness is defined in such a way that the air distribution
pattern in a room may be quantitatively characterized even when the age of the supply
air is non-zero. This admits the evaluation of air distribution patterns in single-zone
systems that recirculate air, and also multizone systems with or without recirculation.
It is shown that the relative air-change effectiveness may be calculated either solely from
age of air measurements or from age of air measurements and flow rate measurements.
Re-evaluation of previously published experimental data demonstrates how knowledge of
the relative air-change effectiveness may change conclusions drawn from experiments in
working buildings.

1 Introduction

Ventilation performance measures have been developed for quantifying the behavior of
ventilation systems and for comparing the behavior of different systems. These measures
are either related to how well fresh air is delivered or to how well contaminants are
removed. Although these two concepts are closely related, this paper focuses exclusively
on the former.

Several different definitions of air delivery performance have been proposed. Most
often experimental determination of air delivery performance is conducted with tracer
gases. Air delivery performance is determined either from steady-state concentration lev-
els of tracer gas or from a transient tracer gas response. In [1] an air delivery performance
measure called the relative ventilation efficiency was defined as a ratio of concentration
differences at steady-state. Methods for determining this measure from transient response
tests were discussed. In [2] a performance measure called relative air diffusion efficiency
was defined as the ratio of the nominal time constant to the mean age of air. In [3]
ineffective ventilation was modeled by assuming that some of the supply air bypasses the
zone and flows directly to the return duct. A performance measure called the ventilation
efficiency was then defined as one minus the bypass factor. In [4] a performance measure
called the pollutant control index was defined as a time-averaged tracer gas concentration
nkllultiplied by a constant that is a function of the tracer source strength and the size of
the space.

In many kinds of heating, ventilating, and air-conditioning (HVAC) systems, the
ventilation function is coupled with the heating and cooling function. In order to deliver
the required quantity of air to different zones of a building at the required temperature,

16



it is necessary to recirculate and redistribute some of the air that leaves these zones.
This poses a problem for evaluating ventilation performance using a measure such as
the relative air diffusion efficiency because it was developed under the assumption that
“neither is it possible for a molecule either to return upstream once it has entered the
room, or to re-enter the room once it has left it” [2].

In this paper, the effect of recirculation on air-change effectiveness calculations is de-
scribed. First the age of air in the presence of recirculation is presented. Then it is shown
how recirculation affects the conventional measure of air-change effectiveness. The theory
of air-change effectiveness is extended to include single-zone systems with recirculation
and multi-zone systems with or without recirculation by defining a new measure of air-
change effectiveness. Implications of this theory for ventilation performance evaluation
and control are discussed.

2 Age of Air

Consider the ventilation system depicted in Figure 1 in which a single zone is supplied
by air that is a combination of recirculated return air and outdoor air. The fraction of
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Figure 1: Schematic diagram of a single-zone ventilation system with recirculation and
bypass.

recirculated air in the supply air will be denoted as R. Assume for now that the bypass
factor, S, is zero. The age of air at a point in the room is the length of time that it takes
a massless particle entering the system from outdoors to reach that point. The age of air
will be denoted as a. The mean age of air in the room is the volumetric mean of the age
of air at all points within the room. It will be denoted as a.

First the age of air for two abstract systems will be described. Perfect mixing systems
are the most commonly considered abstract systems used to analyze the performance of
ventilation systems. When the air in the system shown in Figure 1 is perfectly mixed,
then the accumulation dynamics of a component of the air (e.g., a tracer gas) can be
described by the following equation

Mo = fyws —w) +7 (1)

where M is the mass of the air in the zone, w is the mass concentration of the component
in the zone, the dot notation refers to differentiation with respect to time, fs is the mass
flow rate of supply air, w, is the mass concentration of the supply air, and r is the rate
at which the mass of the component gas is generated within the zone. It can be shown
that the accumulation dynamics can also be expressed as

Mo = fo(wo —w) +7 ‘ ; (2)

where f, is the outdoor air mass flow rate and w, is the outdoor air concentration. Since
this is a linear, time-invariant, first-order differential equation, the mean age of the air is
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equal to the nominal turnover time, which is denoted as 7,

a=7n=% (3)

For a perfect-mixing system, the mean age of the air is independent of the recirculation
fraction.

Another kind of abstract system that is commonly considered when analyzing air-
change effectiveness is the system with plug flow and no diffusion (PFND). When f, and
R are constant, the PFND system is a linear, time-invariant transport delay. The zone
delay is the time that it takes a particle to cross the zone from the supply to the return.
It is equal to the local nominal turnover time of the zone, denoted as T'

M
= — 4
=7 @
It can be shown that for a PFND system
__T1+R
“T91-R (5)

which implies that the age of air depends on the recirculation fraction for a PFND system.
Figure 2 demonstrates how recirculation affects the age of the air. The figure shows the
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Figure 2: Normalized tracer gas decay for a perfect-mixing system and several PFND
systems with different recirculation fractions.

normalized concentration decay curves for a perfect mixing system and several PFND
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systems with different amounts of recirculation. As the recirculation fraction increases,
the decay response moves closer and closer to the response of the perfect-mixing system.
In practice the air will not behave like it does in these abstract systems. Since the
age of return air for systems with no recirculation is independent of the air distribution
and is equal to T [2, 5], one can show that the age of air in any single-zone system is

o i 6
a aR_o+1_R ‘ ()

where @ is the mean age of air that would exist if R = 0.

3 Air-Change Effectiveness

For a single-zone system, the absolute air-change effectiveness is defined as the ratio of
the nominal turnover time to the mean age of air

i

S

(7)

€a

The absolute air-change effectiveness is the same as the air diffusion effectiveness defined
in [2]. The absolute air-change effectiveness can be defined at a point by substituting the
age at the point for the mean age. The absolute air-change effectiveness for a perfect-
mixing system is 1, and is independent of the recirculation fraction. For a PFND system,
the absolute air-change effectiveness is

2
“=T1IR | ®)

In general, the absolute air-change effectiveness is

Tn
= 9
€ dR:O + TnR ( )

If there were no recirculation, then the absolute air-change effectiveness would provide
a measure of the air distribution in the zone. Therefore, another air-change effectiveness
measure, which will be referred to as the relative air-change effectiveness, is defined as the
value of the absolute effectiveness that would have been calculated had the recirculation
fraction been zero.

T .
Ep = 10
r=a— (10)
For a single-zone system, it can be shown that
Tp — Qs
Er = 11
" a-—a, (11)

where a, is the age of the supply air. Equation 11 demonstrates the similarity between
the relative air-change effectiveness defined in this paper and the relative ventilation
efficiency defined in [6]. As with the absolute air-change effectiveness, the relative air-
change effectiveness can be computed at a point by substituting the age of air at a point
for the average age of air in Equation 11. When there is no recirculation, the age of
the supply air is zero, so the relative air-change effectiveness becomes the same as the
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absolute air-change effectiveness. For single-zone PFND systems, the relative air-change
effectiveness is equal to two regardless of the recirculation fraction. For perfectly mixed

systems it is equal to 1.
It can be shown that for a single-zone system, the relation between €4, €, and R is

£
_ _ 12
*«=1"R+ &R (12)

This relation is shown in Figure 3. The figure shows that as the recirculation fraction
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Figure 3: Schematic diagram of a single-zone ventilation system with recirculation and
bypass.

approaches 1, £, approaches 1 regardless of the value of €,. It also shows that by itself,
g, only provides a qualitative description of the air distribution pattern. If €, < 1, then
one can say that there is some “short-circuiting,” but one cannot say how much without
knowing either €, and R or just &,. .

Most buildings contain a number of zones that interact both through recirculation
in an air-handling unit and directly through passages such as doorways. The theory
described above can be applied to any multizone system in which the flow-weighted
average age of the air entering and leaving the zones can be evaluated. For example, in
Figure 4, the relative air-change effectiveness of zone 2 could be calculated as

£, = 2 s (13)
ag — asz
fslael + f83a'63
a 14
82 ‘f"sl +f33 ( )

where a., is the age of the air leaving zone 2, a., is the age of the air leaving zone 1
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Figure 4: Schematic diagram of a multizone ventilation system with recirculation.

and flowing into zone 2, a,, is the age of the air leaving zone 3 and flowing into zone 2.
Note that the quantity in the numerator of Equation 13 could be computed from flow
rate measurements as

for + fss

Also note that €, could not be calculated from ¢,, of zone 2 and R even if the age of
air at the return grille in zone 2 were used to compute €,, because zone 2 is not directly
supplied with air by the air-handling unit.

Sometimes ineffective ventilation is modeled by assuming that some of the supply air
bypasses the breathing zone and passes directly to the return duct [3, 7]. This can be
modeled by assuming that S >0 in Figure 1. It can be shown that for this system

_1-5
" 1—RS

Qe, — Qs, (15)

€ (16)

The absolute air-change effectiveness is a measure of how well outdoor air is utilized. In
[3], a ventilation performance measure called ventilation efficiency is defined as

n=1-S (17)
It can be shown that
& =1 (18)

In other words, for a perfect-mixing system with bypass, the relative air-change effec-
tiveness is the fraction of the supply air that is used to ventilate the zone. In general,
the relative air-change effectiveness is a measure of how well supply air is utilized. A
problem with the bypass model is that some ventilation systems make more effective use
of ventilation air than perfect-mixing systems. When this happens, the bypass factor, S,
must be negative. A negative value of S does not have a physical interpretation as does
a positive value. :

4 Discussion

Many published experiments on air-change effectiveness involve tests on systems that
recirculate air. Typically the absolute air-change effectiveness is reported, and the tests
are often carried out with large recirculation fractions (e.g., minimum outdoor air con-
ditions). The theory presented above predicts that under these conditions the absolute
air-change effectiveness will be close to unity. This prediction is consistent with many
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published findings such as [8, 9, 10] although some experiments such as those described
in [11] have shown that the absolute air-change effectiveness may be significantly less
than one even with recirculation.

To demonstrate the significance of the theory presented above, the data reported in
[11] are re-evaluated, and relative air-change effectivenesses are calculated. The article
describes a tracer gas experiment on a zone in a multizone system which was divorced
from the other zones. The HVAC system was operated in the heating mode, so the
supply air was warmer than the zone air. Table 1 shows the values of the breathing-zone
absolute air-change effectiveness reported in [11] and the relative air-change effectiveness
calculated from information supplied in the article. The values of &, shown in the table

Table 1: Re-evaluation of the data presented in [11]

configuration g, from [11] | &,
H1, ceiling supply & return 0.73 0.31
H2, ceiling supply & return 0.66 0.34
H3, ceiling supply, floor return 0.76 0.56
H4, ceiling supply, floor return 0.73 0.47
H5, “short-circuiting” design 0.57 0.44

were not calculated with Equation 11 even though the age of air at the supply, return, and
breathing zone were all reported in the paper. This is because one of the configurations
delivered air to a ceiling plenum rather than directly to the zone, and because there was
some uncertainty about leakage of air into the return duct. Instead, €, was calculated as
follows

P — (19)

ap — Qp = Qs

where T was calculated from the reported nominal ventilation rate, volume of the space
(total volume minus the volume of the ceiling plenum) and recirculation fraction (67%),
a, was the age of air in the breathing zone, a, was the additional age of the supply air
induced by supplying the air to the ceiling plenum rather than directly to the room, and
as was the age of the supply air, which was measured as it left the rooftop air-handling
unit. The results reported in [11] indicate that the configuration designed to induce
short-circuiting had the lowest absolute air-change effectiveness. However, by calculating
£, one can see that the system with ceiling supply and return induced more “short-
circuiting” than the system designed to induce it.” This is probably because the supply
air velocities were higher with the system designed for “short-circuiting,” and the higher
velocities probably entrained surrounding air and induced more mixing.

Another implication of the theory described in previous sections pertains to the use
of experimentally-determined effectiveness parameters in controlling ventilation systems.
It is proposed in [12] that values of £, determined from an experiment on the system be
used to adjust the minimum outdoor air flow rate. This may cause the effective outdoor
air flow rate to be too high or too low depending on the conditions of the test and the
operational behavior of the system. For example, if the system tested in [11] had been
a variable-air-volume (VAV) system, and if the value of €, calculated in test H1 were
used to adjust the outdoor air flow rate, then if the system were to operate with 100%
outdoor air and the adjusted minimum flow rate, the effective outdoor air delivery to "
breathing zone would be only 42% of the design value because with 100% outdoor
would equal €,, which was 0.31 rather than 0.73.

22



5 Conclusions

1. Recirculation of air in buildings confounds the quantitative description of air dis-
tribution patterns when only absolute air-change effectiveness is reported.

2. This paper extends the air-change effectiveness theory to single-zone systems with
recirculation and multizone systems with or without recirculation by accounting
for the age of the supply air.
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