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Contaminant and Heat Removal
Effectiveness and Air-to-Air Heat/Energy
Recovery for a Contaminated Air Space

Doug R. Irwin, P.E.
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ABSTRACT

Measured contaminant and heat removal effectiveness
data are presented and comparedfor a 3:1 scale model room,
which represents a smoking room, lounge, or bar with a two-
dimensional airflow pattern. In the experiments, heat and
tracer gases were introduced simultaneously from a source to
simulate a prototype smoking room. High-side-wall and
displacement ventilation schemes were investigated, and the
latter employed two different types of ceiling diffuser, low-
velocity slot and low-velocity grille.

Results show that thermal energy removal effectiveness
closely follows contaminant removal effectiveness for each of
the ventilation schemes throughout a wide range of operating
conditions. The average mean thermal and contaminant
removal effectiveness agreed within +20%. Local contaminant
removal effectiveness ranged fromalow of 80% fora high-wall
slot diffuser to more than 200% for a low-velocity ceiling
diffuser with displacement ventilation. Temperature differ-
ences between the supply and the indoor air were between
02°C (0.36°F) and 41.0°C (73.8 °F) and ventilation airflow
rates ranged from 9.2 to 36.8 air changes per hour at inlet
conditions. For small temperature differences between supply
and exhaust air, all three ventilation schemes showed
increased contaminant removal effectiveness near the supply
diffuser inlet with decreasing values toward the exhaust outlet.
For the high-side-wall slot diffuser, effectiveness was up to
140% near the inlet and 100% near the exhaust, but for the
second displacement scheme (low-velocity grille) the effec-
tiveness was more than 200% near the inlet and 110% near the
exhaust.

This paper also shows a potential significant reduction in
cooling load for a 50-person-capacity smoking lounge that
utilizes an air-to-air heat/energy exchanger to recover heat/
energy from the exhaust air.

Carey J. Simonson, P.E.

Robert W. Besant, P.E.
Fellow Member ASHRAE

Kong Y. Saw

INTRODUCTION

Ventilation of contaminated spaces such as smoking
rooms, lounges, and bars for improved air quality and temper-
ature control has become of increasing interest in recent years.
The problem is not unlike the problem of the indoor air quality
in animal bams where the animals are the prime source of
airborne dust and gaseous contaminants that can threaten the
health of the animals and especially the people working in the
space. In smoking lounges and bars, the primary contaminants
are generated by occupant activities (i.e., smoking) and can
pose a serious health risk to the occupants, especially the
people working in the space. The ventilation design strategy
for animal barns is to remove the airborne contaminants as
efficiently as practical using 100% outdoor air, avoiding recir-
culation between rooms, and reducing recirculation within
rooms. Irwin and Besant (1994) reviewed the literature and
presented data on the ventilation effectiveness and contami-
nant removal effectiveness of model and full-scale animal
barns where 100% ventilation supply air is used for both the
removal of contaminants and excess heat. More recently, Hoff
etal. (1995) investigated the dispersion of airbome contami-
nant gases in animal bams that include internal obstructions,
while Chen et al. (1995) considered the problem of dust move-
ment and particulate size distribution in animal bams.

The problems of indoor air contamination are usually
much less severe in commercial building rooms than in animal
barns, resulting in somewhat different design strategies.
Heiselberg (1996) notes that the basic principle of ventilation
in indoor air spaces is complete mixing to dilute airborne
contaminants so that they haveaneven concentration through-
out the space. Heiselberg examined this design objective using
a laboratory test facility where the distribution of air exchange
and ventilation effectiveness (40% to 150%) were determined
for typical room air operating conditions. Heiselberg’s
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research implies that typical operating conditions in ropms
often fall short of the design objective for ventilation. Further-
more, since the air in gommercial buildings is often recircu-
lated throughout all rooms and there is often considerable
direct air exchange between adjacent rooms, cross-contami-
nation between rooms is prevalent.

. Chow and Fung (1997) studied alrﬂows and carbon diox-
ide and tracer gas dispersion in nine different rooms occupied
by people. They correlated the local mean age of air and the
mean concentration of carbon dioxide with a supply. air jet
momentum number (J* = Q”U,/[g-h]), where Q" is the supply
flow per unit area, U; is the supply air jet speed, and A is the
height of the Jet. These data for three-dimensional flows in

large rooms show decreased airborne contaminant levels and,

decreased age of air with increased jet momentum number;
however, there is considerable scatter in the data.

In bars or lounges, which,permit smoking or thg release of
airbormne contaminants that pose serious health risks to the
occupants, especially workers, it is.-apparent that the conven-
tional commercial building ventilatipn strategy may be inap-
propriate. The ventilation strategy for contaminated spaces
should be to locate the sources of airborne contaminants near
the exhaust grille, isolate the ventilation-from any adjacent
rooms, and reduce recirculation of air within the space (i.e.,
displacement ventilation with 100% outdoor air supply). This
dlsplacement ventilation should facilitate local mixing to
reduce the local concentration of airborne confaminants with-
out signilicanl recirculation within the space. The upstream
migration of airborne contaminants shonld be small. This
option is explored herein. ) ;

In ventilation studies, it is usually easier and less expen-
sive to measure thermal or sensible energy removal by the air
temperature distribution and flow than itis to measure gaseous
or aerosol removal by the contaminant concentration distribu-
tion and flow.of}a {racer gas. Further, temperature measure-
ments using, thermocouples are often more: accurate .than
contaminant concentration measurgments with  sarapling
systems and infrared gas.analyzers under typical ventilation
study. conditions. ; In cases where significant temperature
differences can be introduced, it may be desirable to,replace,
tracer gas studies with temperatyre studies when investigating
the removal of airborne contaminants. Fundamental questions
include: whenis it valid to use a-heat source to replace tracer
gas-contamination and what accuracy could be expected for
such a substitution? , ., s ‘ oy

; Thermal energy removal effectlveness‘ and ventilation.or:
contammam removal effectiveness are two measures that can

be used to:evaluate control strategies. for indoor air tempera-

ture and indoor air quality. Thermal energy removal effective:
ness mcorporates di fference§ in tempemlure between , the,
supply air, exhaust air, and ajr at dlfferent points or zones in the
room [0 assess removal of thermal energy from those ppints or
zones. Similarly, contaminant removal effectiveness; makes
use of differenges in contaminanf, concentration between.the
supply, exhaust, and points or zones in the rpomito evaluate the

removal of contaminants from those points or zones. When the
source locations for the air contaminants and thermal ehergy
are essentially ‘the same, the temperature disteibution and
tracer gas concentration distribution data can be expected to be
similar. . ,

In this study, the:sources for thermal energy and tracer gas
contaminant are located at essentially the same place: inside
two, two-dimensional cylindrical disturbances that are
intended to represent, in a two-dimensional space, tables of
people who are smoking. Thermal energy and contaminant
removal effectiveness are compared over a range of test condi-
tions for a high-wall slot-inlet and displacement ventilati'en
system with two types of inlet air supply diffusers. Tracer gas
(N,0) is used to simulate airborne contaminants and base-
board heaters are used for heat generation. The airflows
induced in the model smokmg room are essentially two-
dimensional. :

THEORETICAL CONSIDERATIONS

Continuity. Equations - . '

The 'basic equations that govern the motion of air in a
space of volume, V, and bounded by surface aréa, A, are the
conlimjity of mass (c.g,. air and contaniinant ‘specics),
momentum, and thermal energy. These basic equauons may
be written at any time, ¢, for the entire space as mtegral equa-
tions or at any point in the volume as differential equations.
The spatlal integrals can be found in Panton (1984) and are a§
follows For continuity,

- i

j%%dwjp(&-ﬁ)da 0, (1)

v A

where p is the density and U is the air velocity. For an airborne

contaminant of concentration, C, Equation 1 can be written

explicitly for any chemical species or airborne contaminant,

C, as )

ji(pC)dw [pC(U-n)da = [pC™av+.0/M, [ - n)da,(2)
arT T LR oraad e e X
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where C”” is the source of strength per unit volume, j is the!
mass [lux of contaminant with respect to air, M/#,. is the
moldcular weight ratio of air to tracer gas| and assuming €<<I

for cach airborne contaminant (e.g., C has typical maximum
values of 0.02, 0.004, and 0.0005 for water vapor, carbon
dioxide, and respirable aerosol particles, respectively, while
minimum values are one or two orders of magnitude smaller).
That is, airbome contaminants such as smoke usually have a
yery small or negligible effect on the air density, p,.sp.the bulk
motion of the air is not influenced by the existence or concen-
tration .of airborne conitaminants. An, exception to this low
concentration of airborne contaminants gceurs when there is a
large release of gas or, vapor- (Helse}berg 1996). On the othel;,
hand, temperature, differences;, caused, by nopuniform heat
sources such as those caused by people and burning cigarettes,;
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can cause significant buoyancy driven flows, which must be
included in the momentum equation. In integral form, the
momentum equation is .

[3: 0y + [pUU-mda = [(T-nda+ [pidv, ()
V . & wA A v
which accounts for inertial and buoyancy driven airflows
together with viscous drag forces where T .is the stress tensor
dug to the dir pressure and shearing motion and g is the grav-
ity vector. The final integral equation is the thermal energy
equation: i

d ‘ = -
J'a—t(pcvndv +[pe,T(U - n)da
\4

4 .

= [q"av—[(@-nyda+ [(T:VO)av .
|4 A v

where T:V U (=u®) is the viscous dissipation term, ¢, and p
are the specific heats at constant volume and pressure, réspec-
tively, ¢ is the heat flux vector, and ¢ is the heal source
strength per upit volume. .

'I'hc abovc .integral cquations for the bulk motion of air
can be rewmtcn at each point in the space in differential form.
l-lcrc‘ the commou assumptions of incompressible flow,
Newtonlan fluid, constant properl:cs. Fourier heat flux law,
and Boussmesq den51ty temperature effects are mtrodlmed
The resultmg equations for contmu1ty, momentum and ther-
mal energy, written in index form, are at any spatial point
(Gebhart et al. 1988):

.

w,; =0 ‘ )
"’ o L ) S
u; ¢t Wil = Vujnl pP,j+g,BQT— T,‘) ; i ,|(6)
1 1244
T,+uwT; =0T, + Yo+ 9 (©)]
Pep

where u‘i isthei v'eIc')"city comﬁqnent for air, p is the static pres-
sure, v is the kinematics viscosity of air, f is the thermal coef-
fisient of expansiomof air, %} is the characteristic room air
temperature, and o is the thermal diffusivity of air. Introduc-
ing Fick’s law of centaminant diffusion, Equation 2 becomes,
atany:point, _» . L i LAy .

L “:: (8)

el £y

T C+uC = D€, ”+'-c_'”»‘
wlére D is the mas§ diffusion coefflc1ent for the' COmaminant
malr o 3 TR SN S A PN ot

i Fquéhom 3 (Hrotigh 8 apply’ at each point and are used
directly for lamiriar flowsFor Quiasi- kfeady lurbulenl flows,
theése’equatiotis dre timé dveraged at each poirit, which gives
rise to-an extrh tetm in each of Pqualions 610 8. These terms
accunt fer the tiftbblent Reyndléssiress, heatconvection, and
mash convéction! Rdsearch on thé tutbulent 'Praiidtl number
rélatiig momentum'indheatfranster iti tutbulent flows shows
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thatit has a value'close to 0.85 in the wake region of boundary
layers (Kays 1994), suggesting a close similarity between
these transport processes in turbulent flows. Although similar
results for momentum and mass transfer are not readily avail-
able, they are expected to be the same for turbulent flows.
When the viscous dissipatiofi'term ® can be neglected,
which is always the case for laminar flows and'some turbulent
flows where forced and free convection surfdce heat transfer
effects dominate viscous dissipation, Equation’7 for convec-
tive heattransfer and Equation 8 forcontaminant mass transfer
are similar. This is the case for ventilation in smoking roomnis
with strong heat sources (i.e., occupants or space heaters) and
sinks (i.t., on envelope surfaces). Thus, the dispersion of
dirbome contaminants at each spatial position in a’space is
expected tbbe similar to the dispersion of thermal enefgy in
the same space. Differences can arise, however, due to the
location and strength of the 3ource$ for heat or airborne
contamination. Both Equdtions 7 and“8 are coupled to the
momentum Equation 6 and the continuity Equation 5;
however, once the velocity field is known, the motion of the
contaminant (C) is‘'determined only by Equation 8: This is not
true for air temperature when buoyancy effects are important,
as they are for mostiroom airflows, because the last term for
buoyancy forces in‘Equation 6 plays an important role.

Although the analytical problern of solving for the airflow
distribution, temperature distribution, and contaminant mass
concértration tistribution can be formulated (i.e., Equations 5
to 8); provided the initial and boutidary conditions are speci-
fied; these equation’s'can only be solved for laminar flows. A
number of research groups have been working on models for
the numerical simulation of turbulent flows in confined spaces
such'as rooms'(i.e., Baker et al. 1994; Kato et al. 1994; and
Weathers and Spitler 1993), but the number of assumptiont
required have isually restricted the resalts tosimple configu-
rations? When the contaminant is introduced' directly inito ah
isothermal- airspace at various points {net on surfaces),
Murakimi et al. (1990) showed that for high Reynolds number
roomi airflows in a three:dimensional toom'éf complex geom-
etry with no internal heat sources, measured valaes of contam-
inant concentrations deviated froin' the numerical model by
less thart 20%. Generally, much hore research work'is neces-
sary before numerital simtilations will be ab'lle‘ to accurately
predict the' behavior of turbulent, buoyant flow in rooms
(Chen-1997; Baker €t al. 1997) bécause the turbulent iength
scales vary spatially throughout typical rooms, suggesting that
experimental verification is still required. for..complex
airflows..:: PR T O . fi Sy e

- Although ¢€xact dnaiytical solutions for Equations™S to 8
aré unavailablg, the equations prowde some insight isito ‘the
relative importdfiée of the various terms in each eqifation at
an'y poititiin 4 smoking room orlotinge. For cxample, the'tatio
of inertial 1o viscous torces in' the-Tirst termyon the right-hand
side'of Equation 6 résultsin a'characteiistic'Reynolds number,
Re=ULiv, whilethe ratio of Buoyancy toinertial forces in the
last“térme on ‘the nghlﬁ-lmnd side results ‘I the” Archimedes



number, Ar = g-B-AT-h/U?. When heat transfer to or from a
surface results in buoyancy forces at a point near the surface,
buoyancy and viscous forces dominate close to the surface,
and the Grashof number Gr=g-B-AT: 2, best characterizes
the airflow and heat transfer.

It is interesting to note the similarity between the Chow
and Fung (1997) revised jet momentum number (J*) and the
inverse of the Archimedes number (Ar'l). J* is the ratio of
supply-air jet momentum per unit arca of floor (p-Q"-Uj)
divided by the static air pressure difference between the floor
and the supply air jet (p-g-k), while Ar! is the characteristic
room air momentum per unit flow area (p-UZ) divided by the
characteristic static pressure difference caused by buoyancy
effects due to differences in room air temperature over the
height of the jet (p-g-B-AT-h). Since Chow and Fung show a
good corrclation between mcan air speed in each room and
the supply air diffuser velocity, the difference between J* and
Ar'isessentially in lhe selection of SldllC pressurc uscd in the
denominator.

Thus, the flow field in a smoking room or bar may best be
characterized by a different dimensionless characteristic
number or maybe two such numbers at each pointin the space.
The Reynolds number and revised jet momentum number are
expected to be most important for the viscous dispersion of a
jetof high momentum. However, if the motion or trajectory of
the jet is also determined by buoyancy forces, then ‘the
Archimedes number will be important as well as the Reynolds
number. At points near surfaces with significant héat fluxes,
both the Grashof and Reynolds number may be important, or
just the Grashof number may be significant, ‘when inertial
effects are induced only by buoyancy forces caused by heat
transfer from the surface. For large Reynolds numbers for
room airflows, the characteristics tof the flow field are
expecled to be insensitive to small. changes in Reynolds
numbers, leaving J* and Ar! as the most important dimen-
sionless parameters f9r the flows not adjacent to any surfaces.

Contaminant Removal Effectiveness

., Contaminant removal effectiveness, €, defined as venti-
lation effectiveness by Heiselberg (1996), is found by inject-
ing tracer gas at typical contaminant source locations and
measuring the concentration at various other poinis i'ncluding

the ventilation exhaust port. Using a constant m)ectlon tracer -

gas technique, contaminant removal effectiveness at any.

point, p, is detérmined using the steady-state concentrations at
the exhaust (C,), the s;'upply (Cy), and the pointin question (C,)
by ;

= (€~ cs)/(cp . cs) ; (9)

Contaminant removal effectiveness will be 100% every-
where for a well-mixed room, less than 10()% al points or
rones with high concentrations of contaminants, and greater
than 100% for points or zones with low contammant concen-
trations. )

Airexchange effectiveness, on the other hand, is found by
injecting the tracer gas into the air supply inlet and measuring
the concentration of the tracer gas at the inlet and various
points within the space to get the mean age of the air at any
point with respect to the nominal mean age of air forthe room.
Results for air exchange effectiveness are often very similar to
contaminant removal effectiveness (Heiselberg 1996). In this
study, we only consider the contaminant removal effective-
ness or the thermal energy removal effectiveness, as discussed
in the next section. '

Thermal Energy Removal Effectiveness

The ratio of the temperature difference between the
exhaust (7,) and the'supply (T) to the temperature difference
between any point (7},) and the supply (7)) is a measure of the
removal of sensible thermal energy at any point relative to the
maximum possible cooling potential for a well-mixed space.
Using the same form as Equation 9, the thermal energy
removal cffec(wcness (s,) at a point, B is defined as:

p = (T,=T)/T -T). (10

Values fore,, greater than 100% imply an airflow temper-
ature distribution that enhances cooling at the point or zone in
question, while values less than 100% imply a poor airflow.
temperature distribution for cooling at that point or zons.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

'

To test the similarity of thermal energy and contarninant
dispersiori, two-dimensional ventilation studies were carried
out in a scale model'room with a size ratio of about 3:1. This
room is equipped with tracer gas injection tubing and base-:
board heaters, as described by Irwin and.Besant (1994) and
shown in Figure 1. .

A constant tracer gas technique usmg nitrous oxide tracer
gas was used Lo simulate contaminants in the modcl. The base-
board heaters and tracer gas injection tbes in the model were
housed within two typical model occupants running the length
of the smoking room. The height ratio of these occupants to the
room height is 0.224, meaning that the blockage of flow arca
is very significant but similar to that within lounges that are
density occupied; The model occupants were covered in
aluminum foil with small infiltration slots along the bottom of
each cylindrical contaminant source that allowed air (o enter

-and a singlé large exfiltration slot along the top center that

allowed air and heat to escape into the room. Buoyancy forces
between the cylmdrlcal sources and the ad]acem room air
caused air to-flow up through the cylinder carrying both the
tracer gas and the heated air into the room space. The smoking
room was insulated: to reduce conduction, and the aluminum
foil reduced radiation so that most of the heat generated within

_ the model occupants was transferred to the space: within the

(YN

room by convection.
~..To ensure lwo—dnncnslonal m\rﬂow fields within the
model room, the ventilation iniets for the slot and displace-

TOr9821-1r
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Figure 1 ' Front'view of the model smoking room facility showing the location of heat and contaminant sources,
8 i _ g y g
measurement sensors, supply diffusers, and exhaust grilles.

ment ventilation systems ran the entire length of the smoking
room.:Air was drawn in the room by a single exhaust fan
through an':exhaust ‘port housing running the length of the
room, as described by Irwin and Besant (1994). Airflow
patterns were: videotaped using'a dioctal phthalate (DOP)
aerosol particle generator that produced a mist of fine visible
particles. The resilting flow visvalization pattems iising light
sheet illumination showed that the airflow. fields were virtu-
ally two-dimensional over the range of testing; however,.the
quality of the vesulting photos for these:turbulent flows was
insufficient for proper reproduction and, therefore, they are
not included with the data. Y

The conventional high-wall slot inlet diffuser scheme’
employed thre¢ variable-width slot inlcts, as shown in Figure
2. Equal MNow rates for cach inlét'and a constant inlet airspeed
of 25 /s (490 ft/min) weré retamed foreach test condition by
varying the slol inlet gap This resulted in a revised | jet momen-
tum number, J*, ranging from 0.007 10 0.027, which is in the
same range as the data of Chow and Fung (1997).

il %

The supply air diffuser inlets for the displacement system
wél,c positioned ever the entrance or bartender to prowdc fresh
outsyldc air to the entrance of the room and bartender. The
displacement inlets, were designed to result in airspeeds
approximately one-tenth of the speeds of the conventional,
slot inlet supply jet (i.e., 0.25 m/s [49 ft/min], with the total
inlet area approximately 10 times that of the slot inlet system
for the same;flow rate). These: diffuser inlets were covered
with a permeable polymer that diffused the incoming air over
a large area and created a sufficient pressure drop across the.
inlets so that backflow from the space to the outside was negli-
gible. This displacement ventilation scheme resulted in a
revised jet momentum number 10 times smaller than the slot
inlet scheme; or 0.0007: to 0.0027. i

In the same manner as the conventional slot-inlet system,
the first displacement system used three variable-width slot
inlets, as shown in Figure 3. The supply diffuser was located
in the ceiling, ‘across<the room from the exhaust ports, to
induce a displacement flow in the space. The diffuser width
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Figure 3 The first displacement ventilation system supply-air inlets (plan view).

was varied during testing to retain a constant supply airspeed
of 0.25 m/s (49 ft/min) at each diffuser exit.

The second displacement scheme consisted of three series
of 12, evenly spaced, supply-air inlets for each group of air
inlets, for a total of 36, as shown in Figure 4a. The incoming
airspeed for the second displacement system was held
constant at 0.25 m/s (49 ft/min) for each flow rate by varying
the number of open supply-air inlets. The inlets were either
completely opened or closed. Four ventilation rates per unit
floor area were investigated at entrance conditions for the
second displacement ventilation system, i.e., 2.46, 4.91,7.36,
9.82 L/(sm?) (0.48, 0.97, 1.45, 1.93 cfm/ft?), based on the
entrance air density. For the other two ventilation systems, a
rate of 3.68 L/(s:m?) (0.72 cfm/ft?) was also investigated. For
the highest flow rate, 9.82 L/(s- m?) (approximately 36.5 ACH
at inlet conditions); all the inlets were opened. For the other
flow rates, anumber of inlets were closed to result in the same
inlet air speed for each test. For 2.46 L/(s:m?) (approximately
9.1 ACH at inlct conditions), 9 inlets were opened; for4.91L/
(ssm?), 18 inlets were opened; and for 7.36 L/(s'm?), 27 inlets
were opened, as shown in Figure 4b. g ‘

Tracer gas mecasurements were made using N,Q tracer
gas and an infrared gas analyzer with a sensor error of less than
2 ppm over the measured range from 30 ppm (o 180 ppm.
Temperatures were measured using T-type. thermocouples
with an error of less than 0.2°C (0.36°F). The results are
presented in the form of contaminant and thermal energy
removal cffeclivencss. . Contaminant and temperature
measurements wc(e;mzidga al'six corresponding peints in the,
smoking room, as shown in Figure 1. Instrymentation-for the
two types of mcas urclhcnls.,lhcrmocouples with supports and.
tracer gag sampling tubes, were placed in two distinct Gross
sections, 100 mm (4 in.) apart, to minimize airflow distribu:
tion interference between the probes.

Foreach test, the system was allowed toreach quasi-equi-
librium before measurements were taken. Equilibrium was
determined by monitoring temperatures, without recording, in
the room and the exhaust tracer gas concentration. When there
was little change in both temperatures and exhaust concentra-
tion for at least 15 minutes, testing was started. At least two
hours passed between a change in test conditions (i.e., flow
rate or heat generation level) and the beginning of the next set
of data collection. Temperature diffcrences between the
supply and the indoor air were from 0.2°C (0.36°F) to 41°C
(73.8°F) for heat inputs of 500 W: (1700 Btu/h) to 2000 W
(6825 Btwh) (i.e.,62.5 W/m? [20 Btu/(h-£t%)] to 250 W/m? [80
Bw/(hf)]. - . -

Tracer gas concentrations were monitored at eight points
in the smoking room, as shown in Figure.1. Points | through
4 are: in the operator arca, points 6 through 8 are in the occupant
area, and point 9 is in the exhaust. For each region, contami-
nant removal effectiveness (€) was found by averaging the
effectivencss obtained at each point within each region; ie.,
the entrance region, where the contaminant removal effective-
ness is expected to be high, and the client-occupied region,
where the contaminant removal effectiveness is cxpected to be
good but not as high as the entrance region. Temperatures were
measured at the seven: points'shown in Figure 1. Points TE2,
and TE3 are in the entrance area, points TE6, TE7,.and TES8 are
in the occupant area, and point TE9 is in the exhaust. Supply
air'temperatures were measured with a mercury thermometer, .
and all other témperatures were measured by T-type thermo-.
couples that were shielded to reduce radiation errors. Thermal
energy removal effectiveness (€) for each region was found by
averaging the effectiveness obtained at ¢ach, point within the
region. For the calculation of the room effectiveness, peint
TEL1 at the ceiling was not used,since it was too far from the,
occupied area: . ¢ oo, 0 L "
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EXPERIMENTAL RESULTs'j'ANﬁ DISCUSSIOI\II .

‘The graphical rcSﬁlts foreffectivenéss are, in most cases,
presented as a functién of terperature difference in °C. THis
dimensional temperature difference can be interpreted physi-
cally as dirccily proportienal o the product of the Archimedes
number (Ar) and the revised jet momentum number (J“)
which has a rangc of 0.03 AT to 0.2 AT for the range of data
used here where AT Tas the anits of °C. Thc results are
presemcd so that direct mmpansOns can be niade between
contathinant #nd thermal energy removai cffecnvcness fo:
each lesl el '

o, Wi A0 i
ERETN s kD I ] oy F - 1
Contaminant Removal Effectiveness

i

- Figure 5 shows the contaminant removal-&ffectiveness: -

results obtained in the Yoom and occupied-dreas of the model
smoking room: Wikh 'the' slot-inlet 4nd: the fitst and second
displacement ventilation schemes.: The maximum -abselute
error 'in comtaminant: removal effectiveness was . 27.5%;
however, the haximum relative.error.as a peroentage of the
contamingnt removal effectiveness value-was . 7.6%.. . i

" A§ Figure 5a” illustrates - for ‘thé High:wall" $lot" ihlet
diffuser;' enftrance " area eontarnindnt: retiioval effeGtivéness
ranged fromi'about 80% to justo'ver' 110%;While tontaminant
restoval effectiVeness ‘inthe oteilpant atea rafiged fror abont
100% to 110%. These results are similar to those for‘conveh-

TO:98-1-1

tional ventilation air mlxmg (Helselberg 1996; Chow and
Fung'1997). a

The displacement‘ventilation systems (Figures 5b and 5c)
show a decline in contaminant removal effectiveifess with
increasing temperature differerites and decreasing mass flow
rates. In the entrance area, the contaminant removal effective-
ness for the first displacement system was relatively steady at
about 100%; which is lower than the effectiveness obtained
with the slot-inlet system at ‘the higher flow rates (7.36 and
9.82 L/(s-~ mz) This low effectiveness was caused by the low-
speed entrance jet attaching tothe wall and essentially bypass-
ing the sensors shown in Figure 1. The second displacement
system entrance area contaminant; removal effectiveness
ranged [rom about 100% to 365%, always equal to or higher
than the contaminant removal effectiveness in the same reglon
for either the slot-mlet or the first dlspidcement systems.
Contaminant rcmoval efféctiveness in the occupant area for
the two dl.sp]ii(!:emenl gystenis was h:ghcr under all condmous
than for the convéntional high-wall slot-inlet system. ®@ccu-
panl area C()nlaminan( rembval cffectiveness for the two
displacéinent system< was similar except al the highest flow
rate of 9.82°L/(s'm?), where the Second displacement ‘systens
was 20% mdre cffective. Octupant area cffectiveness for the
displacenieiit systei' rangéd ffom aboiit 120% to'155% for
thefirst system and frorii 115% to175% fot the secondsystem,
incteasing'with' flow itdte ‘and decreas’mg w&th lieat generation
rate. oM,y sl 55 5 i

~
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Figure 5

Thermal Energy Removal Effechveness

Thermal energy removal effecuveness data fOr the slot-
inlet and the firstand second displacement systems are plotted
in Figure 6,for the entrance and occupant areas. The maximum
relative error in thermal:energy removal effectiveness as a
percentage of the thermal energy removal effectiveness value
was 1.05.5%; however, the median relative error was less than
5%.

The thermal energy removal effectiveness data follow the
same trcnd as the contaminant removal effectiveness data. As
with the contaminant removal effcctiveness data. a transition
isevidentat the4.91 L/(s~n12) flow rate and a heatrate belwccn
500 W (]700 Btu/h) and 1000 W (3410 Bur/h) or 2.5 Wim?

(20 Bw/fh: ft2 D and 125 W/m? (40 Blu/[h f2)). The lrdnsmon
is particularly evident in the entrance area data of Flgurc 6a.
These results are similar to the conlamman( removal results in,
Figure 5a, This transition was accompanied by achange in thc
airflow pattern, as the supply air jet did not reach the opposite
wall for the higher heat rates, resulting jn lower values of €,

Similar two- dimensional’ flows, with shorl-cnrcumng of the
ventilation air when IJuoyan(,y is lmporlam were reporled by
Zhang et al. (1992).

;The first displacement system resulls show that thermal
energy removal effectiveness increased with increasing flow

(b)
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20
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Ventilation Rate
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a 368 L/(sm™nt Entrance

« 491 L/(s:m®ht Entrance

e 7.36 L/(sm%nt Enfrance

- 9,82 L/(sm?nt Entrance

a 246 L/(s-m>at Occupant

a 368 LU(sm>nt Occupant

o 4.91 LJ(s'm’at Occupant

o 7.6 L/s'm*htOccupant '

x 9,82 L/(s:m%}at Occupant’

-« Correlation for Entrance Area
Correlation for Occupant Area

Entrance and occupant area contaminant removal effectiveness for the (a) slot-inlet, (b) first displacement,
and (c) second displacement ventilation schemes.

rate and decreasing temperature differences. Unlike contami-’
nant removal effectiveness, thermal energy removal effective-
ness for the occupied zones with the first displacement system’
did not show distinct differences in trends bétween the zones.
They were nearly equal in magnitude, ‘and both mcreaséd as
the AT decreased (Figure 6b).
-~

Thermal energy removal ef! fectiveness for the second
displacement system follows the same trend as contaminant
removal effectiveness, increasing with decreasing temperas-
tureditference and increasing flow rate, as shown in Figure 6c.
However. theextremes of thedataareexaggerated for thermal
cnergy removal effectiveness, ranging from 100% to 410%:
The extremely high cfféctiveness of 410% has a large exper-
imental uncertainly of +52%. Thus, the high effectiveness at
that point and the very large differencc compared to contam-
inant removal effectiveness may be moslly due to experimen-
tal Cerror.

Y]

iIn general the thermal energy removal effectlveness data:
are similar to,the contaminant removal effectiveness data, as:
shown in Figure 6. This.finding is expected because the phys-
ical process for the removal of warm air is the same as for the.
removal of girboriie contarninants when buoyancy effects are
small. In ventilation investigations, wherg the:air contaminant,
and heat seurces aretogether (as is often the case with people,

TO-98-1-1
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Figure 6
and (c) second dlsplacement ventilation scheme.

cigarettg; smoke, animals, and some industrial processes with
strong heat sources), and where there are significant temper-
ature differences within the space, thermal energy may be used
in the same manner as tracer gases. Using thermal energy
could greatly simplify these investigations since low-cost
thermocouples are readlly available to measure tc:mperatures
whereas gas analyzers to measure gas concentrations are
costly and relatively'inaceurate without frequent and careful
calibration. On-thie bther hand, there are limiitations in célcu-
lating ‘thermial enery removal effectiveneds because Targe
uncertainties occur with small air témperature differences. As
the temperature difference decreases, the relative error it the
thermal energy removal effectiveness increases.

Figure 7 duecl!y compares the measurements of contam-
inanl removal and thermal energy removal effecuveness for
each measuremenl point |n the space.

anures 7a 7b. and 7c clearly mdlcalc a slrong correlation,
between the two types of effectiveness over a wide range of
test cotiditions. Tf the entratice “4nd: o¢eupatit conditions had
been tombined as single data points in Figare 7, the agreément
between tlie two types of effectivéness would show even less
dis't.repa‘nc‘y Coﬁﬁ'parin‘gI comaiminant‘ and 'thérmal eneigy‘
two types of effectiveriess are ‘similar; although' mgmﬁdaut
discrepancies exist!! The 'precision” of the: cortelatéd data’

TO-98+1-1
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Entrance and occupant area thermal energy removal effectiveness for the (a) slot-inlet, b) firstdisplacement,

.

(tSEE) in Figure 7 ranged from 18% to 43% for the occupant
space and 30% to 84% for the entrance region, suggesting
moderately good agreement for the occupied spaces buit poor
agreement for the entrance region in spite of'the good corre-
lation coefficients, except for the entrance region of the first
displacement ventilation'scheme (Figure 7b). This lack of
good agreement in the entrance region is due in part to the
slightly different configuration for contaminant and tempera-
ture sensors, as shown in Figure 1.

"A negative bias in the entrance region of the first displace-
ment zind slot:inlet system indicates that the entrance region
temperatures”are IOWer than expected for good agreement
bctween thermal cncrgy removal cffectiveness and contami-
nant removal cffectiveness. The higher errors in the thermal
energy removal efféctiveness data in the entrance area for the
second dxspldcemenl system make drawing conclusions from
these data difficult. These ‘high errors are due to' the small
lempcrature differences in the entrance region. For all of the
systems, 'thé occupant atca data show a slightty posmve bias,
m(llcatmg that the lcnipcralures arc slightly higher than
cxﬂccted Tot a good Imatch of the two types of elfecuveness
The exception is for the slot'inlet system at point "T6/TEG,
where a slightly ncgative bias is seen. This negative bias
occursfor the thermal eriergy temovaleffectiveness for S00 W
(1700:Btu/h) (i.e’; 62:5 W/m? (20 Btu/[hi‘ft?]) heat input and
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Figure 7
and (c) second displacement ventilation scheme.

flow rates of 7.36 L/(sm?) (1.45 cfn/ft?) and 9.82 L/(sm?)
(1.93 cfm/ft?). The uncertainty in thermal energy removal
effectiveness at these conditions is very high because the
temperature differences are small.

Although radiation shields wereincorporated for both the
heat sources and the thermocouples used at each station, the
slight mean bias errors in the effectiveness data can be partly
attributed to thermal radjation. Radiation from the model
occupants is larger in the occupant region then the entrance
region (resulting in slight biases in temperature measure-
ments), higher in the occupant region, and lower in the
entrance region. Radiation errors decrease as the airspeed
increases because convective heat transfer is directly related to
the airspeed. This explains the higher bias in the first displace-
ment system, where the measured airspeeds were usually two
to three times lower than for the other systems, and also the
high bias in the occupant region for the second displacement
system, where airspeeds were also very low,

In the measurement of tracer gas ¢oncentrations, errors
may occur due to sampling location and duration as well as the
magnitude, particularly at low concentrations. Furthermore,
longer time constants are rcquired for tracer gas sampling
systems than for 'temperature measurcments, Although
unstéady effects were not a factor in this experiment, they
could be a factorin field tests where tracer gas system transient
effects could cause error.

10
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displacement,

Figure 8 illustrates the variation in effectiveness with
distance from the entrance area where Station O is the entrance
area and Stations 6, 7, and 8 are progressively farther from the
entrance area and closer to the exhaust.

Figure 8 shows the thermal energy removal effectiveness
vs. temperature difference for each measuring station in the
occupied region. This figure clearly shows that small temper-
ature differences and closeness to the entrance region lead to
substantially improved effectiveness, while large temperature
differences and'locations near the exhaust outlet lead to effec-
tiveness close to 100%, or the same as a well-mixed room.
Using the correlations from Figure 8, Figure 9 shows the ther-
mal energy removal effectiveness vs. distance from the
entrance region wall for the slot and the two displacement
ventilation schemes. The results in Figures 8 and 9 are
expected to apply for contaminant removal as well, which
means that staff in a smoking lounge can have significantly
reduced exposure to contaminants if their work location is
near the supply air inlets and 100% outdoor air is supplied in
adisplacement ventilation scheme.

AIR-TO-AIR HEAT/ENERGY RECOVERY

The purpose of this section is to investigate the potential
for air-lo-air heat/energy recovery in smoking rooms, bars,
and lounges. According to ANSI/ASHRAE Standard 62-1989,
a smoking lounge requires an outdoor ventilation rate of 30 L/

TO[98-1-1
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O PAGE ONE
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Figure 10 The 1% outdoor summer design conditions on the psychrometric chart. T he open symb ols represent the wet-bulb
and mean coincident dry- bulb temperatures (WB/MDB) gnd the ﬁlled symbols represent the dry-bulb.and meap,

coincident wet-bulb temperatures (DB/MWB),
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Figure 11 Ventilation cooling loads for a 50-person-capacity lounge in various locations.

(s-person). For a moderately sized lounge that is designed for o

50 people (i.e., 16 to 25 times the floor area [scale factor 4 to

5] of the laboratory test facility used to investigate ventilation :
effectiveness in this paper), the outdoor veritilation rate is :

1500 L/s (3000 cfm), which corresponds tothe highest airflow
rate investigated for ventifation effectiveness (i.c.,
[sm?] [2 ctm/tlz]) Using the 1% summer desxgn conditions
shown in Figure 10 (ASHRAE 1997), the ventilation cooling

load for a 50- -person-capacity smoking lounge located in four |

different cities is given in Figure 11. The ventilation cooling
load in Figure 11 is calculated using

12

=10 L/

+ 8
+ 6
1- 4
2l T2
T R 0
Chicago, IL » Saint
. Petershurg,:
FL
ventilation load = mAH , (11)

where m is the mass flow rate of dry airand AH is the enthalpy
difference between the indoor and outdoor air. The summer
outdoor design conditions are taken as the 1% annual cumu-

. lative occurrence wet-bulb temperature and the mean coinci-

dent dry-bulb temperature {WB/MDB) and the traditional 1%
annual cumulative occurrence dry-bulb temperature and the
mean coincident wet-bulb temperature (DB/MWB). The
indoor condmons are assumed congtant at 24°C and 50% rela-
tive humidity.

TO-98:1-1"



Figure 11 shows that the ventilation cooling load is
always greater for the WB/MDB design conditions than for
the DB/MWB design conditions. With the WB/MDB design
conditions, the ventilation load for the lounge is substantial
and ranges from 6.9 kW (2.0 tons) in Saskatoon, Canada,
which has a cool and dry climate, to 70.1 k€W (19.9 tons) in
Saint Petersburg, Fla., which has a hot and humid climate. It
is interesting to note that the design cooling load is greater in
Chicago, Ill., thanin Carlsbad, N. Mex., forbothdesign condi-
tions even though the climate in Carlsbad is hotter than the
climate in Chicago. The reason for this is that the enthalpy of

the outdoorair at design is higher in Chicago. This means that -

when the weather is hot in Carlsbad, the humidity is typically
low, which shows the importance of latent energy on the cool-
ing of ventilation air.

The potential energy savings and chiller capacitance
reductions that air-to-air heat/energy recovery devices could
achieve in this 50-person-capacity smoking lounge will be
estimated in this example for both a sensible heat exchanger
and a tetal energy exchanger. The sensible heat exchanger will
be assuméd to transfer only sensible encrgy (i.c., no conden-
sation), and thetotal energy exchanger will transfer both sensi-
ble and latent energy. The sensible effectiveness of a well-
designed sensible heat exchanger (e.g., heat pipe, flat plate, or
run-around heat exchanger) is typically about 60% to 75%
(Johnsonetal. 1998, 1995; ASHRAE 1996). A well-designed
energy exchanger (i.e., energy wheel) can have total energy
effectiveness in the range of 65% to 75% (Simonson et al.
1998; ASHRAE 1996). In this analysis, it will be assumed that

the sensible heat exchanger has a sensible effectiveness of ..

70% andtheenergy wheel has atotal effectiveness of 70%. For
simplicity, the effectiveness will be considered constant
regardless of the operating conditions, which is not exactly
correct for actual air-to-air héat/energy exchangers (Simonson
and Besant 1997, 1998; Johnson et al. 1998), When an energy

wheel is used to recover energy from the exhaust air, the
amount of outdoor ventilation air should be slightly greater
than that specified in ANSI/ASHRAE Standard 62-1989 to
ensure proper indoor air quality because the wheel rotation
will result in carry-over leakage between the supply and
exhaust airstreams. In addition, energy wheels are more
susceptible to cross-leakage than other heat exchangers. In
this example, the outdoor ventilation airflow is increased by
10% when the energy wheel is used to account for these poten-
tial leakages. This means that the carry-over and cross-leak-
ages are assumed to be 10% of the supply airflow rate, which
is slightly greaterthan that measured by Johnson et al. (1998)
and Simonson et al. (1998). Figure 12 shows the potential load
savings that air-to-air heat/energy exchangers create when
they are used to precondition the supply air at design condi-
tions for various locations.

Figure 12 shows that savings in cooling energy are signif-
icantin nearly all cases. The reduction in cooling energy is the
greatest in Saint Petersburg, where the reduction in required
cooling capacity is 47 kW (13.4 tons) for the 1% wet-bulb
desig‘ri temperature and the mean coincident dry-bulb temper-
ature (WB/MDB) The savmgs that would result from this
chiller ¢apacity reduction would result in an immediate
payback for the air-to-air energy recovery system if it was
installed during initial construction or during a chiller retrofit.
The decrease in required chiller capacity for a lounge located
in Saskatoon, Carlsbad, and Chicago would be 4.6 kW (1.3
tons), 19.0kW (5.4tons), and27.7kW (7.9 tons), respectively.
A decrease in the required chiller capacity could also be
important because replacing R-11 with more environmentally

friendly refrigerants could result in a reduction in chiller

capacity. If the change in refrigerant is accompanied with the
retrofit of an. air-to-air heat/energy exchanger, the cooling
capacity of the system could be kept the same or could even
possibly be increased.

0% —_"
5 energy wheel (WB/MDB)
45 1 O sensible heat exchanger (WB/MDB)
g 40 + DOcnergy wheel (DB/MWB)
: 35 4 O sensible heat exchanger (DB/MWB)
S
§ 30 +
g 25+
oY -
§ 20 + 3
. cén 15 + g y ’ ;
-§ 10 + o }
. 5, & '
5 | - D -
0 _‘4._ : e .

© - Saskatoon - Carlsbad °

cooling load reduction (tons) -

Si Petersburg

Chlcago

Figure 12 Reductmn in u)olmg load that resiilts fram usmg an energy wheel or a senstble heat exchanger 1o precondition

Y Yentilation air for a 50-person- capdcztj’ ldunge
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Figure 12 shows an important difference between: the
WB/MDB. design condition and the more traditional DB/
MWRB design condition as they apply to ventilation airenergy
recovery. When using the WB/MDB design condition, the
energy wheel provides a greater reduction in chiller capacity
than the sensible heat exchanger for all locatrons However,
when the traditional DB/MWB is uscd as the design condition,
theenergy wheelis f: avorable in Chicago and Saint Petersburg,
but the sensible heat exchanger is favorable in Saskatoon and
Carlsbad. This shows thal in order to make a correct decision
regarding air-to-air heal/energy recovery, hourly weather dala
should be used with building simulation packages to choose
the exchanger that will give the greatest redudlion in chiller
capacily aid cooling encrgy, while having thé lcast life-cycle
cost. The results in this brief cxample show that an ehergy
wheel is favorable when the outdoor humidity is high because
it.can transfer both'sensible ‘and latent energy; whereas, a
sensible heat exchanger'is favorable when the'outdoor humid-
ity is low (i.e., outdoor humidity ratio less than indoor humid-
ity ratio) and the latent heat transfer is small. "

SUMMARY AND CONCLUSIONS .

The objective of this research was to' compare contamr-
ntant removal effectiveness and thermal energy removal effec-
tiveness in''the occupied zohes of a heated scale-riodel
smoking room; lounge; or bar, and to itivestigate the potential
for using air-to-air heat/energy recovery to reduce the cooling
load of such rooms. To do this, a.model smoking room was
fitted with a comnventional high-wall; slot-inlet diffuser and
two low-velocity ceiling diffuseys for displacement ventila-
tion. Heat and.tracer, gases werg.generated in two, two-dimen-
sional model occupants in the smoking room. Temperatures
and tracer gas concentralions were.monitored at corrgspond-
ing points in the model smoking room with thermocouples and
tracer gas sampling tubes and an infrared gas analyzer. Effec-
tiveness results were calculated from the measured data for
each of the ventilation systems and compared. '

Results show:

1

1. Airborne contaminant and thermal energy dispersion and
advection in rooms are simila;, when the contaminant and
. heat source locatrons are the same and buoyancy effects are
small (e g., contammant and thermal energy removal effec-
tiveness generally agree within £15%; however, differ-
ences as large as 58% for a parllcular test condrtron and

location can occur). £

2. Compared tova well-m1xed space;. srgmfrcant rmprove-
ments in the contaminant, gnd thermal energy removal
effectrveness .were observed for the three ventrlanon
schemes mves}}gat_ed esp.e(_:rall fhe ; q;splagement
schemes o

S | T,

3. Discrepancies between: the; effectrveness of contaminart

. -..and thermgal energy remayval due to radiation effects dn the

i, temperature sensorsi and- small..temperature differences
should be minimized, as discussed hetein, when airborne

temperature dispersion and advection studies are used to
replace tracer gas studies.

4. Air-to-air heat/encrgy recovery devices greatly reduce the
cooling load and needed chiller capacity for smoking
lounges, with energy wheels providing a greater reduction
in chiller capacity than sensible heat exchangers, especially
when the climate is warm and humid.

5. Chiller capacity reductions were as high as 47 kW (134
tons) for a 50-person-capacity smoking lounge in Saint
Petersburg, Fla.

NOMENCLATURE
a = surface area (m?) -
A = characteristic area (m?)
c” = contaminant source strength per unit volume (m>/
[m 8]) e .
(& = air contaminant concentration (volume fraction in
ppm)

DB/MWB = design condition corresponding to the design dry-
bulb temperature and the mean coincident wet-
bulb temperature

= specrﬁc heat at constant pressure (J/kg K)
= specrﬁc heat at constant volume (J /kg:K)
= mass diffusion doefficient (m%/s)

,uﬁ

‘:ﬁ

Oelb

2 = gravitational acctleration vector, scalar (9.81 m/
2
§%)
= height of inlet jet from the floor (m)

o)

&7

= enthalpy difference bétween outdoorand indoor
7 air (kJ/kg)

= conlamlndnt mass flux (kg/|m?> s
= dlfl user inlet helghl or width (m)
= mass flow rate of air (kg/s) , |
= molecular weight (g/mole) : o

R &~ =

- = surface unit normal
= static pressure (Pa) i Ty
= heat flux vector (W i Gl
e heat source strength (W/m3)
= volumelrrc flow rate per umt area (m3/[s m ])

«

N
N
N

= trme (s)
= air temperature (K):,
=:stress tensor .t il

T B (@ N ST N~ EE

B
=

= air temperature difference'(°C or K)

= velocity (m/s) '

= speed (m/s)

= air velocity component (m/s)
. = volume (m’) M e B "
S =humrd1ty ratio,(kg/kg): - e, i -
WB/MDB = design condmon'eorrespondmg to the design wet-

o i bulbtemperature and the mean coincident dry-
v« «bulbitemperature -\ " -

J

T

S =X fF Qg

ll.‘]4|
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Greek Symbols

o = thermal diffusivity (m?/s)

B = thermal expansion coefficient (K!)
€ = contaminant removal effectiveness
[ = thermal energy removal effectiveness
{0)] = viscous dissipation term (J/[kg-mz]) '
n = absolute viscosity (N~'s/m2)

v = kinematics viscosity (m?/s)

p = air density (kg/m’)

Subscripts

c = contaminant

e = exhaust

i = directional element

r = foorh

s = supply

Dimensionless Pararheters

Ar = Archimedes number (g-B-ATh/U 2

Gr = Gr‘as_‘hof number (g-B-ATh*/v?) ..

I* = revised jet momentum number (Q”-Uy[g'h])
Re = Reynolds number (U-L/v)
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