
Figure 4. TWSh simulation of partitioned-room geometry of [6], Ra=10ó, velocity
and temperature distributions on symmetry- (a) and select (b-d) quarter-planes.

SUMMARY AND CONCLUSIONS

A FE spatial semi-discretization of a Taylor weak statement forms the theoretical
basis for a new CFD algorithm, for application to Prediction of thermal room air

motion. The formulation ingredient of stability, without excess artificial
diffusion, is validated for a benchmark. A three-dimensional solution is

discussed for a natural convection, two-partition room Seometry-
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AIR FLOW PATTERN AND POLLUTANT TRANSMISSION IN
AUDITORIA . MEASUREMENTS AND CFD.SIMULATIONS

Finn Drangsholt

SINTEF applied thermodynamics, NTH, Trondheim, Norway

ABSTRÂCT

This paper deals with air flow pattern and pollutant transmission in auditoria. Through
different tracer gas techniques the air distribution and the removal of contamínants
inside auditoria have been classified in terms of air exchange efficiency, local air change
index, ventilation effectiveness and local ventilation index. Situations with various
occupancy and ventilation rate have been studied.

The tracer gas measurements were supplemented and generalized by numerical
simulations carried out with the CFD code KAMELEON. The simulations have shown
that the air flow pattern inside this type of premises may be quite complex. Tbe air flow
pattern is affected by room geometry, capacity and location of heat source, aspects of
building materials and construction, furnishing, the ventilation principle, supply air
temperature and surrounding climate.

A general trend from simulations of terraced premises is that the upper part of the
occupied zone appears to be the most polluted area with regard to both thermal and
atmospherical contaminants. This tendency is independent of the ventilation principle
and technical layout.

¡NTRODUCTION

The air flow pattern within a zone can have a considerable impact on the indoor air
quality, the thermal comfort and the energy performance of the ventilation system.
Studies in auditoria, carried out by the author, have shown that the air flow pattern and
the pollutant transmission are affected by many parameters. These include room
geometry, capaciry and location of heat source, building fabrics, furnishing, ventilation
principle, leakages and short circuiting, supply air temperature and surrounding climate.

Even with a sophisticated measuring concept, it is difficult to consider in detail the
pitttern of the air flow, or the influence from air movement on thermal and pollutant
transport. Computational fluid dynamics (CFD) enables the air florv pattern to be
prcdicted within a zone with a wealth of details, if sufficient computer resources are
available.

l'lrc objcctivc ol this work has becn to vcrily and visualizc thc inrprct o[ pararrrctcrs
affecting the air flow pattern inside auditoria with terraced floor. The work was
accomplished by carrying out full scale measurements and CFD computatíons of the air
flow pattern and pollutant transmission.
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METHODS

Air flow patterns and pollutant transmission inside two auditoria were studied by use of
tracer gas technique. One auditoria was ventilated by displacement (EI5) the other was

ventilated by dilution (F1). Pollutant distribution, ventilation effectiveness, local
ventilation index and temperature profiles were measured and related to occupancy. Fig.
1 shows the data acquisition system handling the full scale measurèment in auditorium
EL5. Three measurement columns (c1..c3) containing 19 spots for gas, thermocouple and
humidity covered the situation inside the room. In addition measurement spots were
located inside the ventilation plant.

Co! !ompling
unit

Fig. 1. Data acquisition system, sensor arrangement and location of measurement
columns.

The results from the full scale trials were supplemented and generalized by numerical
analysis. The numerical analysis was carried out with the CFD code KAMELEON. Thc

CFD símulations involved studies of various room geometries, ventilation principles and

ventilation layouts. The auditoria were modelled in three dimensions, using a non-
uniform ortogonal grid system. Figure 2 shows a graphical representation of the model.

Fig.2. Graphical representation of the CFD model - EL5
The auditorium is fully occupied

+ Co.boó dior;de

o HumidiV

device

students

Only half of the room was modelled, presuming that the other half represent a symmetric
reflection. The model was subdividedintoZgls4 control volumes. Eac¡ volume was sized
to 24*25*50 cm. All surfaces were modelled as isothermal boundaries. Initial surface
lemperature and heat load were gathered from the full scale trial.

RESULTS

90{)

800

Er-
¿Q

g- ooo
oo
No 5(x)o

,l{Xt

gþ
225 rtud.

Wedmday22.02.84

5(x) rilud-
60 slud. lüt dud.

14

-..- æ¡llng

l0 lt
--- supdy

12
Tlm

13

- - fronl
- 

6)ôaæt --- back

I;ig. 3. Carbon dioxide concentration in auditorium Fl.

Table 1. Calculated effectiveness < €r)

Ventilation
effectiveness

0.98
o.74
0.68

Occupant
load

50
nn
180

complete mixing (<.,> = 1.0) was only achieved when the aucritorium was empty



exhaust slots equally dispersed all over the floor was also simulated'

Efficient elimination of c flow pattern'

The measttrements and ied premises

g"n"à* strong thermal The result is

short circuiting between

back shows that the

with exhaust slots at

r the ceiling did not

were carried out cluring the winter 90/91.

The air distribution inside the auditorium was examined by conrbining three different

load situation with two different flow rates. Tal¡le2 shows the air exchange efficiency as

a function of occupancy and ventilation rate'

'lable 2. Air change efficiency (e")

r2.t25/10.629
m3flt

240

0.59

150

0.59

0

0,(t2

6.8s0/
m3

5.(106

lh
220

0.63

130

0.65

0

0.63

Ventilation rate
supply/exhaust

No. of occupants

€å

confirmed by measurements of local ventilation indexes'

CFD simulations of auclitorium EL5 have confirmed a reasonable ctrnformity betwecn

measuremcnts and simulations. Figure 4 shows a siltrlttitln lrotll a p:rrtly occtrpictl

auditoriunr with dispersed seating pattern.

CFD simulations carried out for auditorium EL5 included studies ol air flow pattern arrtl

pollutant transmission rclatecl ttl scating pattern, locatirln tll air tcrnlinal deviccs antl

room clesign/geometry.'I'he simulati<rn, iou" shown thrìt in ¡tremiscs with terraced fltxlr,

4

2

E

N
E
_91

T

E

N

'o
I

4

2

E

N
E
.9
T

2

E

N

E
.sr
I

6

o

6

o

Fig.4

b

6

2o 4 €; 8 10 '12 14 16

ppm@2

ppm CO2

4

o 246B1o'12 14 16
L¡nght Y tml

Concentration chart and air flow pattern - auditorium Fl
Diffusors in the ceiling, exhaust slots at the front
Occupancy : 300, Airflow : 10,000 m3/h

2o 4 6 10 12 14 16

4

o 246810'12"14'16
t€nghÈ Y lml

Concentration chart and air flow pattern - auditorium EL5

Âuditorium pârtly occtrpicd, <JispcrsetJ seating pattcr

Occupancy :' 100, airflow : 10,000 m3/h, displacenrent ventilation

9æ

1m

11(n

12æ

6æ

7æ

gæ

1m

7CO

Êæ

9æ

M

5æ

6æ

Fig.5



location of air terminal devices has a small influence on the air flow pattern. The seating

pattern however, has a significant influence. The simulations have also shown that minor

builcling details may have a considerable influence on the air flow pattern.

DISCUSSION

The study has shown that the temperature and pollutant distribution predicted by the

CFD simulations corresponded reasonably with the full scale measurements. A general

trend for terraced auditoria is that the upper part ofthe occupied zone appears to be the

most polluted area. This tendency is inclependent of ventilation principle and location

of airìerminal devices. The study has also shown that there is a large risk of occupancJ

dependent short circuiting between supply and exhaust devices in terraced auditoria

ventilated by dilution.
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VENTILATION EFFECTIVENBSS MEASTJR.EMENTS IN TWO
MODERN OFFICE BUILDINGS
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ABSTRACT

Ventilation effectiveness measurements were made in ¡vo office buildings employing the age-
of-air approach. The objective of these tesls was to study the applicability of the associared
tracer gas procedures in mechanically ventilated office buildings. Experimental issues were
investigated including the ability to establish a uniform ûacer concenmdon at the sta¡t of the test
and the relationship ofventilation system confìguration 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 procedu¡es that will assist
tie development of a standardized approach to measuring ventilation effectiveness in the field.

INTRODUCTION

Ventilation systems are designed to provide adequate ¿unounts of outdoor ai¡, to distribute this
outdoor air throughout the occupied space, and to maintain thennal cornfort. There ¿re
nulnerous design features and perfonnance par¿uneters relevant to útese goals. Ventilation
effectiveness has been described in general terms as ttre ability ofa ventilation system to meet its
design objectives (l). Specific defìnitions ofventilation effectiveness also exist that address air
nrixing within ventilated spaces. These definitions are based on concems that significant
quantities of supply air may be flowing directly into the return or exhaust withour reaching the
æcupied space, so-called "short-circuiting." In such situations, appropriate arnounts o[ outdoor
air may not be delivered to the occupied portions of the space and internally-generated
contaminants may build up to undesirable levels.

lle ability to evaluate the existence of short-ci¡cuiting in the field and to assess the performance
of innovative approaches to ai¡ disribution is limited by a lack of validated measurement
procedures to assess ventilation effectiveness. A variety ofprocedures have been suggested,
and some laboratory and field applications of these procedures have been conducted. Of these
tarious procedures, the age-of-air approach is one of the more promising for use in the field (2-
J). in U.S. offìce buildings using
the within ventilated spaces (5,6).
Wh short-circuiting, they have
no on on larger scales withi uations
ha and other studies in whi areas
wi appropriate proportions

tilati ch
niqu

and
conducted in order to investigate the applicability of these measuren'ìent techniques in the field.



Because these procedures have had only limited use in the field, many questions remain
regarding procedures to establish initial conditions, the effects ofenvelope infihation and
ventilation system operation, data interpretation and the level of accuracy achievable in the field.

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 ai¡ 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 a¡d
west sides of the building. A separate air handling system serves an atrium.

The second building, located in Portland, OR, is a seven story offìce building with a one story

basement and a two story underground parking garage. The conditioned offìce 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.

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). 'l\e average age of air at a location is defined

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 t¡, and the local age of air averaged over a

particular space is denoted by þ). The inverse of the building air change rate is referred to as the

norninal tirre corrstant of the building tn. The local air change effectiv€ness €¡ characterizes the

ventilation effectiveness at a specific location and is defined as

ei=xnlri. (1)

The mea¡ air change effectiveness of a building or a space î is a measure of the overall air

distribution pattern for the building or space and is given by

n = rn4r). (2)

If the air within a space is perfectly mixed, then the local age of air t¡ will be the same

throughout the space and equal to tn. The value ofþ) will also equal tn. The local air change

effectiveness e¡ at all locations within the space and the mean air change effectiveness n 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 nea¡ the retum. The mean age of air for the space (t)

will equal r,/2, and therefore r¡ will equal 2, its maximum value. The local air change

effectiveness e¡ will be below one near the return and above one near the supply. Ifthere is

non-unifonr air distribution within a space, those locations with poor ventilation air distribution
willhavelocalagesofairthatarehigherthanthespaceaverage. Locationsintheso-called
"stagnant" regions will have values of Ti that are relatively large and values of e¡ significantly
less than one, a generally undesirable situation. With significant stagnation in a space, the valt¡e

of 11 for the space will be bclow onc.

The measurements in both buildings employed an automated facer gas measurement systern that

has been used previously to provide continuous measurements of building air change rates and
employs sulfur hexafluoride (SF6) as the tracer gas. The system confols tracer gas injection
and air sampling, records SF6 concentrations, and monitors and records outdoor weather,
indoor temperature and fan operation status. The installation of these systems in the Overland
and Portland buildings are described in references (8) and (9).

ln conducting age-of-air measurements with the tracer gas decay technique, tracer gas is injected
into the building in order to achieve the required initial conditions ofa uniform tracer gas

concentration throughout the building. The tracer gas injection locations a¡e based on the layout
of the building and is ventilation systems. One approach is to inject fracer gas at a constant rate

into the building air handlers until equilibrium conditions have been achieved. During the

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 unifonnity achievable in a

given building may be limited.

Once a uniform tracer gas concentration is attained in the building, the tracer gas injection is

stopped and the tracer 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:

,, = oL |"- c,(,) o, (3)
vi'0Jo

where C(t) is the Íacer gas concentration at time t and C¡,g is the concentratiorì at t=0. In these

tests, this integral was evaluated based on numerical integration o[ the concentrations measured
at l0 minute intervals using the automated tracer gas monitoring system. The nominal time
constant tn for the building was determined based on the tracer gas concenfration in the building
just before the tracer gas injection was stoppecl, as given by the following fonnula:

(4)

where Ceq is the building average of the equilibrium facer gas concentration, V is the building
volume and q is the facer gas injection rate.

RESULTS

This section presents a summary of the results of the measurements in the two buildings. Five
tests were conducted in the Overland building, and four were conducted in Portland. In the first
two Overland tests, the decay was monitored in the same 15 retum airstreams that were
nlonitored during the injection. In these tests, the age of air in these retunrs were measured as

anindicationofthedifferencesintheoutdoorairdeliveryratestothel5buildingzones. Inthe
others tests, the age-of-air measurements focused on either the west or east sides of the

building. In these tests, the age of air was measured in the return airstreams on the designated

side of the building and in selected locations in the occupied space at a height of about 1.5 rn (5

ft) above the floor. In the four Portland tests, the age of air was measured in each of the three

retum airstreams (central, east and west) and about l5 locations within the occupied space.

Examplc o[ Tesf Results

While there is not sufficient space to present all of the test results, Table I contains an exarnple

oftheresultsforoneofthePortlandtests. Thefirstcolunrnofthetablccorìtainsthelocntionof
thc nrcasurenrent, with the results presental in thrcc groups basetl on lhe tlttce zoncs in tltc
building. Return fans #6, #7 and #8 correspond to the center, east and west portions of tlre

C*V
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different from the mean value of the equilibrium concentration in the building retums'

Table l. Results of Portland Test B

building were considered separately in the analysis. At nlost one such location existed in each
of the Portland tests, while 3 or 4 occuned in the Overland tests.

Àir Change Effectiveness Yalues

Table 2 summarizes the air change effectiveness measurernents 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¡,ç witlrin 207o of the mean value of C¡,g. The air change effectiveness presented here is
based on the age of air measured in the return duct serving that location rather tha¡ the nominal
time constant of the building. The retum age of air was used rather than the nominal time
constiant because of variations in the outdoor airflow rates to the various building zones. If the
airchange effectiveness at a location was determined using tn as the reference, then the air
change effectiveness values would have covered a much wider range and may have been
rnisinterpreted. When local age of air is compared with the nominal time constant, the resultant
air change effectiveness cornbines the effect of nonunifornr outdoor air distribution to the
different zones of the building and the effects o[ 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

Age of A
Retum, t¡

2.25

Effectiveness
rrftiSpace, t¡

2.06
2.11
2.32
2.08
2.23
2.r0
2.24

trLocation Ci,o

7th floor, column Ql4 73

6th floor, column Ql4 78

5th floor, column Ql4 67

4th floor, column Ql4 '19

3rd floor, column Q14 69

2nd floor, column Ql4 79
1st floor, column Ql4 70

Retum fan #7 70

7th floor, column M22 70
5th floor, colurnn M22 13

3rd floor, column M22 64
lst floor, column M22 80

Retum fan #8 67
*7th floor, column V4 90
5th floor, column V4 7l
3rd floor, column V4 7O

lst floor, column V4 75

În = 1'90 hours

1.77
2.r0
2.17
2.29

1.33
1.12
1.08
r.03

rn/1'r.

0.81

1.03
L0l
o.92
t.02
0.96
1.01
0.95

1.00
1.00
0.93
1.09

0verland
Test C
Tcst f)
'l'est E

Portland
Test A
Test B
l'cst C
Test D

Air Change Effectiveness
All Occupied Space Locations

Mean Søndard Deviation

Air Change Effectiveness
Locations with C¡.g within20Vo of Mean

Mean Standarcl Deviation

084
2.25
2.24
2.41
2.07

l.1l
l.l9
1.03

0.25
0.17
0.r3

0.r0
0. 17

0.07

0. l0
0.10
0.r4
0.1 I

r.0l
0.97
1.07

0.06
0.1 I
0.17

.03

.24

.00

2.35
0.93
r.03
1.00
1.05

Initial Conditions

These measurements require initial conditions of a uniform tracer gas concentration throughout

the building. In the Ovéiland tests, it was necessary to control and adjust l5 Eacer gas injection

rates in o.d., to achieve a uniform tracer gas concenfration. The standa¡d deviation of C¡,¡ for

the fifteen return airstreams was l07o and l97o of the mean value for the fi¡st and second tesls

resp€ctively. The uniformity of C¡¡ amonS the retums for the other three tests in Overland was

aboutl0To. ThevaluesofC¡¡attheoccupiedspacelocationsexhibitedmoreva¡iationthanthe
retums. Because the portlaná building has three central air handlers that serve all seven floors

of the buil<ling, and because the central, east and west zones communicate freely on the floors'

it was much eãsier to achieve a uniform tracer gas concentration in this building than in

Overland. There were few locations within the occupied space that deviated signihcantly front

the average equilibrium concentration in the return ducts. Locaúons with a values of C¡¡ that

were more that}}Vo different from the mean value of the equilibrium concentration ¡n the

Thc values of the air change effectiveness are generally close to 1.0, the value for conditions of
pcrfect mixing of the ventilation aÛ. Given the limited amount of field testing thar has been
pcrformed 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 l07o (5, 6). Neglecting the measurcnrents for which C¡.¡ was
rnore than 2O7o from the building average had little effect on the mean value of the air change
cffectiveness, but generally reduced the standard deviation.

SUMMARY AND DISCUSSION

Ïìe Ineasurements ofventilation effectiveness in the Overland and Portla¡d buildings serve as a
field demonsration of age of air measurement procedures. They have provided additional
cr¡rricnce with the tneasuretnent procalurcs and a<l<litionirl buildirrg perforrurnce tllta. Sevcral
rnlportant issues were addressed that need to be understood in developing a stancìardized
nrcasuretnent procedure.

ln using the tracer gas decay technique, the ability to achieve a unifonn tracer gas concerìtrat¡orì
r¡ critical. In these tests, the equilibriurn tracer gas concentration was generally within l07o of

ß
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