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VENTILATION STRATIFICATION AND ATR MIXING

John E. Janssen
Honeywell, Inc., St. Paul, MN, USA

Abstract

Minimizing ventilation for energy conservation in buildings requires
that ventilation efficiency be high. The common practice of locating
supply outlets and return inlets in or near the ceiling creates an
opportunity for air to bypass from the supply to the return without mixing
in the occupied space. Equations are derived for calculating efficiency
and strtification factor from tracer gas decay measurements.

Introduction

Dilution of the contaminants - in indoor air with less contaminated
outdoor air is the main mechanism for controlling indoor air quality. The
ASHRAE Ventilation Standard! assumes that all of the outdoor air brought
into a building is effective in diluting the contaminants. Tracer gas
tests2s3 have revealed incomplete mixing. The common practice of locating
the ventilation supply outlets and return inlets in or near the ceiling of
a room invites short circuiting of air from the supply directly to the
return. When the exhaust is taken from the return air system some outdoor
air can be inducted, short circuit to the return and be exhausted without
ever mixing at the occupied level.

Ventilation Models

Stratification Model

A model for ventilation efficiency can be derived by considering a
typical HVAC air handling system as shown schematically in Figure 1. It
is possible that a fraction, s, of the supply air may bypass directly to
the return inlet without mixing at the occupied level (i.e. below the
dotted line in Figure 1).

The flow returned from the space is Qp), and the total return flow is

Q71 + sQg- A fraction, r, of this return flow is recirculated and the
remainder, l-r, 1s exhausted. We can write a material balance for a
quantity of outdoor air, Qpg, that enters the system. We will assume

there is no infiltratiom, i.e. Qg2 = Q20 = 0.
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The amount of this outdoor air that bypasses the occupied space and is
exhausted is:

Q10-s = s(1-r)Qgy [1 + rs + (rs)2 4 .94l (1)
Q10—s _ S-sr (2)
Q01 l-sr

The ventilation efficiency can be defined as:

_ Q1 ~ %05 _ 1l-s (3)

l-sr

Equation (3) defines the efficiency with which the ocutdoor air is
circulated to the occupied space in terms of a stratification or mixing
factor s, and the recirculation factor, r. If there is no exhaust flow,
r=l and the efficiency is 100%. 1f there'is no stratified or bypass flow,
s=0, the efficiency is also 100%. If however, there is both stratified
flow and recirculation, outdoor air can pass through the system without
ever being used to dilute contaminants at the occupied level. This
ventilation loss also represents an energy loss.
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Figure 1. Typical Air Distribution System

Two Chamber Model

Alexander(6), Sandberg(7), and Skarret(a) have used a two chamber
model to develop ventilation efficiency equations. The ductwork and upper
or unoccupied part of a room can be’ considered as one chamberwith a
volume, V], and the lower, or occupied part of the room can be considered
the second chamber with a volume, Vj.

If a tracer gas is injected into the supply duct (Chamber 1) at a
rate, N, let the concentration of the tracer gas be X; in Chamber 1 and Xy

in Chamber 2. The rates of change of concentration of the tracer gas in
the two chambers are: :

dx, ]
Vi & =N~ Qefy= QX+ Q1X, (4)

dX2

5
and, v = lexs - (Q21 + QZO)x2 ( )

2 dt
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Note that: Xg = rQ1X1/Qs (6)
Q1 = Qo/(1-r) (7)
Qg = Q12/(1-s) (8)

Using equations (6), (7) and (8), equations (4) and (5) can be reduced
to the form,

dXj/dt = N - bX; + aXg (9)
dXp/dt = gX; - hXj (10)
where: a =Q21/V1 (11)
b = (Q1/vy) (l-rs) (12)
g = (Q1/vy) (1-s)r (13)
h = (Qz1 + Q20)/V2 (14)
£ = f/vp (15)

Equations (9) and (10) can be integrated to find the tracer
concentrations, X; and X3, in each volume.

hN* At At 16
=m + Cle 1 + Cze 2 ( )
Nt C1 ae S At
X2 = bhoag S (Al + b)e™1 + | (A.2+ b)e™2 (17)
Ay = 1/2 [=(b+h) + /(b+h)2-4(bh-ag)] (18)
Ay = 1/2 [=(b+h) - 4/(b+h)*-4(bh-ag)] (19)

Figure 2 shows a plot of equations (16) and (17) for an assumed set of
conditions.
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Figure 2. Tracer Concentration Buildup Decay
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During a tracer decay period M=0 ang equation (9) and (10) can be
solved for the values of a, b, g and h if tracer gas concentrations are
measured in each chamber to get a set of curves similar to those in
Figure 2. The slope of the decay curves, dX/dt, and the concentrations in
each chamber can be measured at two different times. This will provide 4
equations from which the four coefficients can be calculated. The
ventilation efficiency then can be written as:

M= (ga/hb) (1/r) ; (20)

It would appear from equation (20) that the efficiency becomes
infinite when r=0. Note, however, that g/r is pProportional to (l-g).
Thus, the wminimum efficiency is a function of (l-g) and occurs when
recirculation is small. :

Equation (3) shows that the efficiency is 100% when r=l1. Under the
assumed conditions, however, (i.e. Q02=Q20=0) there would be no
ventilation. It ig seen that a high circulation rate with respect to the
outdoor air flow rate in  chamber 1 improves ventilation efficiency.
Unfortunately as the outdoor air flow rate is increased to respond to ga
greater ventilation requirement, the efficiency falls. 1t is desirable,
therefore to locate supply outlets and return inlets so that bypassing
does not occur. Separating the exhaust from the recirculation system also

avoids the mixing loss problem if the exhaust is taken from the occupied
space, chamber 2.

Special Case Model

Under certain conditions, the ventilation efficiency can be estimated
from tracer decay measurements in chamber 1 only. Increasing the tracer
gas feed rate, N, with respect to the other flow rates will increase the
initial difference in concentration in the two chambers. Then if X1>>X,,
equation (9) becomes,

dX)/de = -px; (21)
or b I (22)

Thus, b isg approximately equal to the initial slope of the decay. curve
on a semi-log plot. Also, if the ventilation rate is substantially
greater than the exfiltration from chamber 2, i,e, Q10 >> Q2p, and
sufficient time has elapsed, the tracer gas concentration in the two
chambers will be nearly equal and will be decaying at the same rate asg
shown in Figure 2. Then equation (9) becomes:

dXj/dt = (a-b)x; .(23)
and,

a-b~1_, (24)

Note that when the infiltration loss from chamber 2 ig small compared
with the ventilation rate, Q20<<Q1p, equation (14) is:

h ~ Q21/V9 (25)
and, g/hx~r ' (26)
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Thus, the ventilationm efficiency equation (20), under these conditions
is approximated by:

N ~alb (27

Using equatioms (26) and (28), (31) becomes,

I -1
ne 2 —T | (28)

I
o

Thus, wunder the assumed conditions ventilation efficiency can be
estimated from tracer gas decay concentrations measured in the return air
duct. It would appear that minimum stratification with good mixing would
reduce the difference between the initial tracer decay rate, I,, and the
final rate, les. This would make the ventilation efficiency as defined by
equation (28) go to zero. Note however, that equation (22) was based on
poor mixing, i.e. Xz<<Xj at t=0. Thus, care must be exercised in using
equation (28).

Figure 3 1is a tracer gas decay curve measured in a school room. The
air supply outlets were located near the ceiling on ome side of the room
and the return inlet was also near the ceiling on the opposite side of the
room. Thus, the air tended to flow across the ceiling and d}d not mix
well at the occupied level. Substituting the values from Figure 3 in
equation (32) gives,

0.60 - 0.32 _ 0.28

n o= 0.60 = 560 - Y (29)

This low ventilation efficiency was approximately confirmed by energy
balance calculations.
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Figure 3. Measured Tracer Decay in Chamber 1.




-

¢ eLIPRC P Al YT

Iy

Conclusions

A tracer gas decay model for a two chamber system shows that
ventilation efficiency - and stratification or mixing factors can be
calculated from tracer gas decay measurements. Under certain conditions
estimates can be made from measurements in only one chamber. This

measurement technique' appears useful for evaluating the wmixing
characteristics of ventilation systems. .

References

(1) ASHRAE Standard 62-1981, "Ventilation for Acceptable Indoor Air

Quality". American Society of Heating, Refrigerating and Air Conditioning
Engineers, 1981. ‘

(2) Kusuda, T. (1976), "Control Ventilation to Conserve Energy While
Maintaining Acceptable Indoor Air Quality", ASHRAE Trans. V82, page 1169,

(3)  Janssen, J., Hill, T., Woods, J.E., and Maldonado, E.A.B.,
"Ventilation for Control of Indoor Air Quality: A Case Study",
Environment International, V8, pages 487-496, 1982.

(4) ASHRAE Handbook, Fundamentals Volume, 1981, pagé/32.7.

(5) Alexander, D.K. and theridge, D.W., "The British Gas Multi-Cell Model
for Calculating Infiltration", ASHRAE Trans., V86, 1980.

(6) Sandber, M., "Ventilation Efficiency as a Guide to Design", ASHRAE
Trans., 1983, V89, Pt. 2A & B.

(7) Skaret, E., "Ventilation Efficiency - A Guide to Efficient
Ventilation", ASHRAE Trans., 1983, v89, Pt. 2A & B.




