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PREFACE 

The United States and many other countries have made great 
strides In control I Ing outdoor air pollution caused by factory 
and automob I I e em I ss Ions, waste dumps and power p I ants. Yet, the 
g r eat est he a I t h r I s ks f r om a I r b or n e po I I u t i on a r e found not I n 
t h e o u t do o r a t mo s p her e bu t I n o u r homes , o f f I c es , a n d pub I t c 
g a t h e r I n g p I aces . I n f act , t he r I s k s we f ace f r om b r ea t h I n g i n -
door a 1 r may be compared, In some Instances, to those taken by 
Individuals working with chemicals and radiation In Industrial 
settings. The major difference Is that wel I establ !shed systems 
of monitoring and control are used In Industry; whereas, no such 
systems' ex I st for pr I vate res I dences, and I I tt I e has been done 
to mon I tor and contra I Indoor a Ir qua I I ty In commerc i a I 
bu I Id I ngs. 

In a typical house, lncoor air qual lty may be affected by 
aerosols from cigarette smoke; resplrable particles and carbon 
ox I des f r om heat I n g and cook I n g a p D I I an c es ( t hose t hat b I..! r n 
natural gas, kerosene, ol 1, and wood); carbon monoxide from 
automob I I e exhaust; comp I ex organ I c chem I ca Is In bu I Id Ing 
materials, furniture, cleaning fluids, and solvents; fibers of 
asbestos; airborne bacteria, fungi and house mites; and, cf 
major concern In many parts of the United States, radon and Its 
progeny. 

Indoor air qual lty research has been spurred by the Increase In 
energy conservation measures. The Initial motivation was to 
evaluate the effect of reduced air exchange on Indoor air 
quality. Conservation measures (the tightening of existing 
bul I dings against conditioned air loss) are often blamed for 
poor Indoor air qua I lty. However, several studies have shown 
that this Is not the case, and that In some Instances properly 
I n s t a I I e d we a t her I z at I o. n may a c t u a I I y r e d u c e i n do o r po I I u t I o n 
levels. Reduction of heat losses through more eff lcient (albeit 
decreased) vent! lat Ion does not automatlcal ly result In slg­
nl f lcantly higher levels of Indoor air pol lutlon. 

The regulation of Indoor air qual lty ls no smal undertaking. 
Different bu! !ding structures (single faml ly homes, apartment 
complexes, office bu! ldlngs, hospitals, etc.) require different 
approaches and answers to their Individual Indoor pol lutlon 
problems. The Department of Energy (DOE) through the Office of 
Bu I Id I ngs and Commun I ty Systems has undertaken the task of In­
vest I gat Ing and evaluating the reasons and possible cures for 
poor Indoor air qual lty. 

S l mt?._I Y s ~ .. a_~ ed, the_ goal_ C? f_ __ DO_E_'_s l ndoo r~ Env Ir onmen t Research 
Program Is to develop advanced energy conservat(on technologies 
that maintain healthy and comfortable Indoor environments. The 
results of ongoing research have evolved Into the fol lowlng 
hypotheses: 
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( 1 ) A I r qua I I t y I n bu I I d I n g s I s d om I n a t e d by sou r c es . P r ob I ems 
are more often related to strong sources (soi I gas, construction 
materials, solvents, furniture materials, etc.) than to 
deflclences In vent I lat Ion. 

( 2 ) A I r po I I u t I on I s a bu I I d I n g s p r ob I em . Gene r a I I y , t h e co n -
cent r at I on s o f po I I utan t s observed I n bu I I d I n gs are comp a r ab I e 
to those outdoors; however, when major Indoor sources are 
present, the concentrations Indoors are substantially higher. 
Since people spend 70% to 90% of their time Inside but !dings, 
that Is where the major portion of their exposure to air pol­
lutants occurs. Because pol lutlon sources and removal processes 
are often associated with building structure and operation, It 
follows that air pollution Is a buildings problem. 

(3) After source control, ventilation Is the best control 
strategy for Indoor pol lutlon. Vent I lat Ion with outdoor air con­
trols al I Indoor pollutants In a slml Jar way. Therefore, It Is 
t he bes t s I n g I e s t r a t e g y t o em p I o y I n bu I I d I n g s f o r . po I I u t I on 
control. This assertion does not contradict the f lrst 
hypothesis. Rather, It acknowledges that we cannot Identify anc 
remove a I I of the po I I utant sources In a bu I Id Ing. In those 
cases where a particular source Is known to be a problem, It 
should be removed, If this can be done effectively. Because such 
Information Is usual ty lacking, vent I lat Ion remains the best 
general control strategy. 

. ~ 

The research described In this report supports DOE program ob­
jectives by providing advanced techniques for evaluating the 
performance of vent I lat Ion systems with respect to control of 
Indoor air pollutants. The objective of SERI 's vent I lat Ion re­
search Is to use these techniques to compare the energy perfor­
mance and air qual lty performance of different vent I lat Ion sys­
tems, so that a high level of air qua I lty can be provided at 
minimum energy cost. 
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v en t 1 I a t I on s y s t ems ha v e t r- ad I t I on a I I y bee n d es I g n e d to p r o v i c e 
odor control and thermal comfort under the assumption that the 
air Jn a building Is perfectly mixed. The advent of new ven­
t! lat Ion technologies such e.s variable volume vent I lat Ion sys­
tems, displacement vent I lat Ion systems, e.nd heat recovery sys­
tems have brought the usefulness of the perfect mixing assum~­
t Ion under question. In addition, Increased concern over the 
health Impacts of Indoor air pollutants have led to the need for 
more accurate methods of determining the Impact of vent I lat Ion 
system design on Indoor pollutant transport and occupant ex­
posure levels. 

A recent revision of the ASHRAE vent I lat Ion standard 62-81 has 
recogn I zed . the need for understand Ing the I Ink between vent I I a­
t I on a Ir d I str I but I on and Indoor a Ir qua I I ty by Inc I ud Ing an ap­
P end J x on vent I I at I on e f f I c I ency for use I n vent I I at I on sys t e:n 
design. Vent I lat Ion efficiency measures the abl I lty of a ven­
t I I at I on sys t em to d e I I v e r v en t I I a t I on a I r to t he bu I I d I n g o c -
cupant as wel I as remove pollutants before they mix with air In 
the occupied zone. Knowledge of vent I lat Ion eff lclency Is re­
quired ~ecause local pollutant concentrations and occupant ex­
posure I eve Is In bu I Id I ngs are determ I ned by the I oca I vent I I a­
t I on rate and pollutant source strengths. 

0 n e o f t h e p r I ma r y p r ob I ems f a c I n g t he v en t I I a t I on sys t em d es I g -
ner Is lack of control over the final operation and modification 
of his deslgn . . Bul ldlng are often remodeled without regard for 
the Impact of the modifications on ventilation syste:n 
performance. Many Indoor air qual lty problems can be traced to 
changes In bul I ding usage patterns or Improper malntalnence. 
This lmpl les that the sensitivity of performance to the presence 
or absence of disturbances such as Interior room partitions 
(which · may be added at a later date) Is as Important as perfor­
mance under Initial design conditions. In recognition of this 
fact, SERI has developed a multlyear testing program aimed at 
determining vent I latlon system performance, as seen by the 
bul I ding occupant, over a wide range of operating conditions. 

During the lnltlal phase of the research program It was . recog­
nized that existing point measurement techniques could not 
easl ly provide the resolution that Is required to determine per­
formance as a function of room location. As a result, flow 
visual lzatlon techniques and Image-based concentration measure­
ment techniques were developed which Increase spatial resolution 
several orders of magnitude over conventlcnal techniques. These 
~dy~~~.::_d measurement techn I ques are des I gned to be used I ri. fu I I 
sea I e and sma II s"C:a I e- -te-s ts- -of -vent II at I on ___ sys t em -- -per {or-mance 
Involving "benchmark" geometries (simple geometries teslgned to 
establ lsh the range of expected performance variations), as wel I 
as tes'ts Involving real vent I lat Ion system componen-cs. 
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ihls re::ior: summarl:es the resu::s of benchmark tes:s aeslgnec 
to ceterm lne :ne e ffe~t of flow rate and tnermal stratlf lcatlon 
on short c lrcul :lng of ve r.tllt.tl on air between su::i::ily and return 
cu ct s I n c e I I I n g - based v er. t I l a t I on systems . The t est r es u I t s I n -
dlca:e that tnermal stratif i cation Is the single mes: Important 
parameter tested to cate and underscore the need for the exten­
s I on of system design techniques to Include heat Ir.; as well as 
cool Ing appl !cations. The tests were conducted In an open room 
geometry and did not Include the effects of room partitions and 
furniture. An overview of the SERI ventllatlon testing researcn 
plan Is provided below. 

"' •• •• , . ,, 

I I 

] 

SERI VENTILATION TESTING RESEARCH PLAN - GANTT CHART VIEW 
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NOMENCLATURE 

c concentration (kg/m3 ) 

ventllatlon rate (m3 /s) Q 

Q 

v 

volumetric pollutant source strength (m3 /s) 

room volume (m3 ) 

Greek 

nd displacement .efficiency nondlmenslonal, Figure 7 

nr removal efficiency nondlmenslonal; Figure 8 

~ nominal room volume replacement time, V/Q (s) 

Subscripts 

o condition at t=O 

In supply 

out return 

s pollutant source 
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DETERMINATION OF VENTILATION SYSTEM PERFORMANCE 

Increased awareness of the potential health risks assoclatec 

with Indoor air pollutants 1- 4 has stimulated Interest In im­

p r o v I n g our under s tan d I n g o f how vent I I at I on a I r I s d I st r I but e d 

and how pollutants are transported In bul !dings. The task of 

pre d I ct I n g the per form an c e o f vent I I at I on systems w I th r esp e ct 

to control of Indoor pollutants Is not a simple one. Pollutant 

transport deper.cs In genera I upon bu I Id Ing geometry, po I I utant 

source characteristics, and the~mo/fluld boundary conditions 

such as flow rate, thermal stratification, duct location, and 

diffuser characteristics. I f t he a I r I n a r o om I s we I I mixed, 

then then local pollutant concentrations can be predicted based 

upon knowledge of the room vent I lat Ion rate, the pol lu"::an":: 

source strength, and the pollutant concentration In the supply 

air. In situations where the wel I-mixed assump"::lon does not 

apply, additional knowledge of the effect of vent I lat Ion system 

and bul Id Ing parameters upon local concentration dlstrlbutior.s 

Is required to determine vent I latlcn system performance. 

Because 

sources, 

provide 

I t I s I mp r act I ca I or I mp o s s I b I e to remove a I I po I I u "::ant 

t he bu I I d I n g vent I I at I on sys t em mu s t b e d es I g n e d to 

a rel I able last I I ne of defense a~a Inst Indoor 

pollutants. This I mp I I es that the vent I I at I on system must 

pollutant sources at a I I occup I ed bu I Id I r.g I oca t I or.s over 

broad range of operating conditions. The vent I lat Ion system must 
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be designec to acco~r.t for worst case rather tr.an ave;age condl-

t Ions because the sensitivity of concentration to flow non-

uniformities can produce localized areas with unacceptably r,lgr, 

concentration leve!s, even If an acceptable average bullclng 

concentration can be achieved at a given ventilation rate. 

F I n a I I y , vent I I at I on sys t ems mus t be des I g n e d to be as rob us t as 

possible. 8 u I I d I n gs are f re q u en t I y r emo de I e d w I thou t regard for 

the Impact on vent I lat Ion performance that wl I I be produced by 

the modifications or knowledge of the Initial use for which the 

vent I lat Ion system was designed. 

·. 

.· 
- ·ioo-

c 
... 
"''" 

Voiumetri: sour:e 

f ~\ --
l}o~-\, - - .. • 
g - · - ..___ . C) Cir. = 100 . 
0 - • ---=- . u . . ' ---.. . ""'- . ~.. -------

. ~--"-• • 1- ·---------.. . 
. ; '.- c.;:°it! = i o 

0.i ___ -________ _;,•_· __ _;_ ___ .;_ __ ...J 

0 _50: 1 oo- 150 . 200 250· 
Veni~2tbn_:-2tio (Q/q) 

Figure 1 Sensitivity of concentration to local vent! lat Ion rate 
(uniformly distributed source with specified c 5 /c 1 n). If local 
vent! latlon rates are al lowed to produce low vent I lat Ion ratlcs, 
high pollutant conce~tratlo"s wl I I result . 

.. .. . . .. 
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t.. number of different ventilation efficiency meas~res r.ave been 

prc::iosed : o p r o v I d e e. b a s I s f o r v er. t I I a t I on sys : em c e s I g r. 5 · 6 . 

These definitions can genere.lly be categorized within the three 

dimensional matrix shown In Figure 2. The x-axis In Figure 2 

d e f I n es t he bu I I d I n g subs y s t em t ha t t he d e f I n I t I on i s a p P I I e:: 

to, the y-axis defines the physical meaning at:ached to the 

definition (ven-:llatlon air delivery or pollutant removal), and 

the =-z:.xls Indicates whether the definition Is based upon 

measurements, field mee.surements, or numerical calculatlor.s. Leb. 

measurements and numerical calculatlon can provide highly 

de":al led Information about transport phenomena whl le field 

studies provide valuable "In situ" measurements of performance. 

-
0 Ven1i!n1ion air 

-= supply 
c; (52·8ln/5.1) 
":l 
>-
~ Pollu!unl 
cu removnl , .. . 
u 

(62·8 I R/6.2) 
L.:J • 

··-" . . . 
. .. 

Disl!ibuti::m-: Room · 
system ·. 

0::-.lpied 
zone. 

ii11ilclinr, subsystem . __ . 

Figure 2 Major types of vent/ lat/on efficiency measures. 
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The matrix shown In Figure 2 demonstrates that ver.tilatior. per-

formance Is determ I ned by system des I gn as we I I e.s room a Ir 

distribution. For example, the fraction of ventilation air that 

Is de I I vered to a bu I Id Ing occupant depends In genera I l;JPOn two 

factors: 

( 1 ) the f r act I on o f the a I r de I I v ere d to a room that sh or t c I r -

cults directly to the return duct, 

( 2 ) and the fraction of this short circuited air that Is 

recirculated to the room by the vent! lat Ion system via the 

return air. 

Sensitivity to flow short circuiting can be reduced by using 

large recirculation rates, at the risk of reintroducing pol-

lutants to the bul Id Ing rather than exhausting them directly to 

the outside. The Impact of reclrculatlon rate on per cent 

del Ivery of vent I lat Ion air Is shown In Figure 3. Some caution 

Is required · before using Figure 3 as the basis of ventllatlon 

system design because large recirculation rates also reduce the 

ratio of the source to supply concentration ratio (cs/c 1n) 

previously shown In Figure 1. This reduction tends to uniformly 

elevate the concentration of the pollutant In the building, at 

the same time that It reduces concentration variations to a 

-smal ler--range of · vent! lat Ion· ratios ·co;q)" ". Because· c 1n has ·-~een 

Ir.creased relative to a system with a low reclrculctlon rate, 

the margin for error can actually be reduced In syste~s with 
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large reclrculetlons rates. A smel I variation In c/c 1n with hlf~ 

recirculation rates (high cin) has the potential to expcse a 

large number of bu I Id Ing occupants to an unacceptab I y h I gh po 1-

lwtant concentration. Conversely, a large variation In c/cln may 

be acceptable In systems with low recirculation rates, because 

of Increased "headroom" provided by reducing the value of 

c
1
n. An additional conclusion that can be drawn from our discus-

slon of Figure 1, Is that uniform concentration distributions 

can occur In systems with high recirculation rates, even when 

room airflow Is not wel I mixed. 
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3 Impact of system reclrculatlon rate on per 
of vent I lat Ion air, as a function of room short 

level .. The assumptions used In the development of 
are the same as those In references 12-15. 
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Several dlffererit methods of measuring ventilation system per-

formance have been evaluated to determine their usefulness In 

meeting 

program. 

the objectives of SERl's ventilation testing research 

Age of air methods 7-io can be used to detect spatial 

variations I n a I r de I I very by comp a r I n g t he res I den c e t I me o f 

the air as a function of room location. When normal l::ed with 

respect to the shortest possible residence time, the spatial 

average age of room air can be used to def lne a measure of air 

exchange efflclency 11 • 

If the room subvolume of Interest can be approximated as being 

we I mixed, then the short circuiting of ventilation air with 

respect to that subvolume by measuring the effective ventilation 

rate within that subvolume using tracer decay techniques and 

comparing this with the nominal vent I lat Ion rate. 12 - 15 . The Im­

pact of system recirculation on air del Ivery can then be calcu­

lated using Figure 3. 

The measurement techniques described above are I Im I ted to 

measurement of vent I lat Ion air del Ivery. As shown In Figure 2, 

room concentrations In the presence of po I I utant sources are 

also a function of the abl 1 lty of the vent I lat Ion system to 

remove pollutants before they mix with room air. 

systems that selectively remove pollutants wl I I 

Vent I I at I on 

have higher 

that a:-e not very efficient at r~movlng pollutants wl 11 have 

lower average concentrations In the exhaust than In the room. To 
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cuan-:lfy 
ef-

fectlveness :o be :he ra:io of the concentration In :he exr,al.!s: 

to the average room concentration at steady state. ihls ra-:10 Is 

one for Z! per f e c '!: I y m I x e d sys t em Z! n d c Z! n r Z! n g e l n Vt.Jue from 

zero to Inf lnlty for systems that are less eff lclent or more ef-

f lclent than a perfect mixing system. An exam~le of a 

tlon strategy that has been designed to sele::tlvely 

buoyant po I I utants Is shown In Figure 4, 

1 1~1~~~~~~·~·~'~-=-·: . :···. . . ~ .. ~~;~~8{~~;~~~-
~~ ~.?r~~~~ ;;~~ ~t.~--;.:';;. ~~~~";.)=5?~-;,; 

. ~ ~ ~.- ~~ s..:::: !!.:.~ ·~ ~!:.~1~~~?t·~~ ,...~ ~V.~_:.?:-2 
'- ~~~ .. }~~·"":~~~~:?-:~•"i!= o-;::; :~.~ . -t-:r.: ·"..:~.~~~.~~ 

.ii: ~~· ·~~.i~~~~'::t:·~~~·::,.~~~~-::r.~~! ~·!~;:~J· - - ·- -~~-. - ~~ ... ·.:.... .. ~~::r__. ;::.. ... . 11;"":1 • .,,:, ·· "~ .. :.,_, .. . • - : .::.-.. • • r(""::;:;.~ - · .... · .. -., ~-·-~,· ~':" -.'x-'"- .::.'("" 

' .... 

. .: ·:.f:: ·~ 
- · ~ ; :,::· ~ ." ; ·:}f~~--~.~; ..... · . 

.. . 

Ver.ti IE.-

remove 

• • • :.I'.:• 
-. •= ·~c.';:./~~--·~ :-: .:.:1 · ... .;:-:::; .. · · ~:-J::·;.::-:: i .-;-. ~·', ~l:>·; :;:J~·:!;;•; ,,7'. : - .·- :. -7:= :. ' : :<:€~ ·-. :·p~~M!1~;::;~~2·~;~~~;~~~T~{ ~i~~UtiW ;;~ , :. .. ''• i:'~ < I - --

Figure ~ Dlso 
stratification to 

acernent vent I lat Ion syste~s use 
selectively control buoyant pollutant 

..: ___ -- ·--~ - ~ :. .. 
, 6 

thermal 
sources . 



•. 

MEASUREMENTS OF VENTILATION EFFICIENCY BASED UPON CONTROL VOLL.ME 

ANALYSIS 

The vent I lat Ion performance concepts described above Involve 

compromises that are I Inked In part to the I Imitations In spa-

tlal resolution that can be achieved using conventional point 

measurement techniques. Rydberg's def lnltlon of pollutant 

removal effectiveness does not provide Information about local 

pollutant concentrations, and requires measurements to be made 

after- steady state conditions have been achieved. Age of air 

techniques provide a method of detecting flow nonunlformltles, 

but require long time Integrals that may be dlfflcult to 

e~aluate 8 and lose physical meaning when Interpreted In terms of 

local vent I lat Ion rates 10 . The short circuiting analysis 

developed In references 12-15 provide a powerful method for ex-

amlnlng the I Ink between local vent I lat Ion rate and system 

reclrculatlon rate, but do not measure pollutant removal rates. 

To overcome the I Imitations In spat la I resolution associated 

with the use of conventional point measurement techniques, SERI 

researchers have developed flow visual lzatlon and digital Image 

analysis concentration measurement techniques that produce spa­

tial resolutions several orders of magnitude larger than conven­

tional approaches. These methods make It possible to accurately 

······-- determ I ne . the I Ink·- between the vent I I at I on sys tern de-s I gn. and Io­

ca I air qual lty as seen by the occupant of a bul ldlng. 17 , 18 To 

I lmlt c~sts during the Initial phases of the research project, 
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Initial benchmark tests of simple vent I lat Ion systems have been 

conducted using a unique smal I scale test eel I. The smal I scale 

tests use water as the transport fluid. The use of water rather 

than air In smal I scale tests has the advantage that veloclty 

scales and length scales can be reduced by the same amount, so 

that convective time scales remain unscaled (le, the smal I scale 

tests occur In real time). Water tests can be used to study 

non-Isothermal flows, provided that the difference In Prandtl 

number between air and water Is properly accounted for. 19,20 

Heavy gases such as Freon can be used to reduce Prandtl number 

differences, but w I 11 Incorrectly scale radiant effects. 21 

Radiant effects do not have to be considered In water tests be-

cause water Is opaque to Infrared radiation. 
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Two short term measures of vent I lat Ion eff lclency have been 

developed to take advantage of the spatial resolution provided 

by the Image analysis system (see Figures 6 and 7). ihe dis-

p I a cement e f f I c I ency , n d , measures the ab I I I t y of the vent I I a -

tlon system to del Iver vent I lat Ion air to a specified control 

volume, and the removal efficiency, nr' measures the abl I lty of 

the ventilation system to remove pollutants before they mix with 

room air. Both measurements are based upon mass balances on a 

specified room subvolume and therefore have a direct physical 

Interpretation that can be easl ty understood and appt led by ven-

ti lat Ion system designers. The displacement efficiency measures 

the fraction of room air that Is replaced during the time that 

one room volume Is suppl led by the vent! lat Ion system and the 

removal efficiency measures the fraction of a specified pol-

I u t an t sou r c e t hat I s r em o v e d by t he vent I I a t I on du r I n g t he t I me 

that one air change Is suppl led by the vent I lat Ion system. 

(Figures 8 and 9). 

These vent! lat Ion efficiency measures have been developed so 

that they can be appl led to both ful I scale and smal I scale 

tests. Because the vent I lat Ion efficiency and dlsplacement ef-

fief ency are based upon mass balances, they both have we! I 

defined I lmlts as the elapsed time from the beglnlng of a test 

approaches Infinity. These I lmltlng values provide extremely 

- - . 
sensitive cal I brat Ion points for detection Of experimental 

errors. 
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Although the Integrals In Figures 6 and 7 look similar to the 

Integrals that are evaluated during age of air calculations, 

they are In fact fundamentally different. The age of air Is es-

sent la I ly a statistical weighting function which can be used to 

provide a relative measure of the average time before air Is 

replaced at a given point measurement location, based on evalua-

tlon of an Infinite time Integral. Age of air calculations do 

not provide any Information on pollutant removal rates or phys I-

cal vent I lat Ion rates unless the flow Is wel I mixed. The dis-

placement efficiency and removal efficiency measure air del Ivery 

and po I I utant remova I based upon short term mass ba I ances on 

wel I defined control volumes (not point locations). 

For example, a local · value of the displacement efficiency, n 1d, 

can be calculated based upon knowledge of the local concentra­

t Ion at elapsed time t=~ after a step change In concentration 

has been appl led to the air which Is suppl led to a room. 

( 1 a) 

( , b) 

C=Cin for t>O ( , c) 
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In equation (1a), ~refers to the time scale associated with the 

overal ventllatlon rate and volume of the room (not the time 

scale associated with the local vent I lat Ion rate and 

volume element) and c refers to the local concentration. 

local 

An over a I I va I ue for nd can be ca I cu I ated by ave rag Ing the I oca I 

value n 1d over the room volume, or by lnte~ratlng the concentra­

tion with respect to time In the exhaust duct as has been 

previously discussed. A relative measure of displacement ef­

f lclency nreld can be determined by calculating the ratio of the 

local displacement eff lclency to the room average displacement 

efficiency. Values of nd can also be calculated for finite room 

subvolumes. The displacement eff lclency nozd Is the e~f lclency 

obtained by averaging n 1d over the occupied zone. 

If the Integral method of calculating nd Is extended to the up-

per I I m I t t ~cc, I t I s e q u I v a I en t to t he de f I n I t I on o f I o ca I age 

of air divided by~. The theoretical 1 lmltlng value of the In-

tegral as t-+oo Is 1 .o. When nd measurements are being used In 

field studies, this I lmltlng value can be used during In It I a I 

calibration tests to determine the errors associated with un­

specified lnterzonal airflows and lnflltratlon. If these sources 

of error are too large, they can be corrected for or control led. 

Limiting va.' lues- of nd for perfectl°y .mlxed .and" perfect dlsplac·e­

ment flows are shown In Figures 10 and 11. Real flows Include a 

combination of displacement and mixing, with the displacement 
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fraction being determined primarily by the time of flight be-

tween the supply diffuser and exhaust duct (Figure 12). 
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Figure 12 Average nd for real flows. 

One of the primary problems associated with the model Ing of HVAC 

system performance Is determining the fraction of air provided 

at the supply diffuser that Is actually del lvered to a given 

room location. Multlzone mixing models have been used by several 

authors to differentiate between performance In different room 

subvo I umes. In th Is sect I on a mod If I ed two-zone ana I ys Is w I I I be 

used to demonstrate the relationship between nd and short cir-

cultlng between the supply and return ducts In eel I Ing based 

systems where the return duct Is located In the Jet mixing zone. 

provide adequate mixing of the vent I lat Ion Jet before It enters 

the occupied zor.e It Is convenient to divide the room Into the 
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Jet mixing zone with volume V-Voz• and the occupied zone with 

volume Voz· The Jet produces mixing by entraining air from the 

occupied zone at the rate Qent· By continuity, this Is also the 

rate at which air Is supplied to the occupied zone. If 

(V-V
0

z)/(Q+Qent> << V0 z/Qent then a steady-state approximation 

can be appl led to the Jet mixing zone, resulting In a concentra­

tion at the return duct equal to 

( 2 ) 

For the system shown In Figure 8, this Is also the concentration 

of the a Ir that Is de I I vered to the occup I ed zone. If we assume 

that the occupied zone Is wel I mixed, then the dlfferentlal 

equation describing the rate of~change of concentration In the 

occupied zone Is 

( 3 ) 

This Is Identical to the equation that would result If the ven­

tl tat Ion Jet was added directly to the occupied zone with the 

ventilation rate 

(4) 

- · -- ·· 1 { -- o~~ ~ ico+o~nt> i's not - eou-a1 ·· to - v~·~1v ~ ·- nozci-wl, , -differ- -f.rom 

0.63 even though the occupied zone Is wel I mixed. So Iv Ing equa­

tion (3) one f Inds 
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(5a) 

(5b) 

Equation (5a) provides a method for calculating ~/~eff If oz 
T\ d 

Is known from short term experimental measurements. Evaluating 

equation (5) we find 

( 6 ) 

A graph of equation (6) Is shown In Figure 13. The fraction of 

vent I lat Ion air that short circuits to the return duct rel at Ive 

to what would have been suppl led to the occupied zone If the en-

tire room was wel I mixed Is 

(7) 

Examples of nr calculations for perfect mixing and perfect dis­

placement flows are shown In Figures 14 and 15. The removal ef-

flclency does not make physical sense when appl led to subvolumes 

of a room wh I ch do not cont a In po I I utant sources. However, It is 

possible to define a pollutant del Ivery eff lclency np• which 

measures the fraction of a pollutant source which Is added to a 

room subvo I ume dur Ing the t lme that one vo I ume chan_g_e I 5· sup-

p I I ed to the room. The po I I utant de I I very ef f I c I ency for a room 

ls 
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Figure 13 
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Figure 14 Removal efficiency for perfectly mixed flow. 
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( 8 ) 

where c Is the average concentration In the room at t=~. 

The pollutant del Ivery efficiency for the occupied zone Is 

( 9) 

In equation (10), c 0 z Is the average concentration In the oc­

cupied zone at time t=~. For a room In which the entire volume 

Is perfectly mixed, 

( 1 0) 

For a vent I lat Ion system with the same two zone structure as was 

used In the derivation of equation (5), 

( 1 1 ) 

As In the case of air del Ivery. a stratification factor can be 

-defined for pollutant del Ivery that measures the the effective 

pollutant source strength In the occupied zone relative to the 

source strength for a perfectly mixed flow. 

( 1 2) 
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Solving for the steady state concentration in the occupied zone 

for the two zone flow described above and slmpllfylng with the 

use of equations (7), (11), and (12) produces the result 

( , 3 ) 

Equation (13) demonstrates that sp and (1+sa) provide a direct 

measure of the effective source strength and the effective ven-

t I I a t I on r at e r e I a t I v e t o a r o om t ha t I s per f e ct I y m I x e d . 
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Figure 15 Removal efficiency for perfect displacement flow 
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EXPERIMENTAL RESULTS 

Measurements of average room values of the displacement ef­

f lclency have been conducted for the simple eel I Ing based ven­

t I I at I on system sh own I n F I g u re 8 . Parameters w h I ch we r e 

measured during the experiments Included flow rate (Reynolds 

number) , supply duct diameter, and thermal stratification 

(Rayleigh number). The Rayleigh number Is used rather than the 

Grasof number to provide a first order correction for bouyancy 

effects due to the difference In Prandtl number between air and 

water 19- 21 . 

The length scale used In the definition of the Reyno ) ds number 

Is the supply duct diameter. The length scale and temperature 

difference used In the definition of the Rayleigh number Is the 

temperature difference between the supply and the test eel I and 

the height of the test eel I. A detal led description of the ex­

perimental apparatus has been previously given In reference 17. 

The supply duct consisted of a single slot diffuser that ex­

tended across the entire width of the test eel I, as did the 

return duct. The tests were conducted with a completely open 

room volume, and therefore did not Include the Impact of parti­

tions or furniture on ventllatlon performance. 

The volumetric flow rate during the tests was varied from 5.1 

vo I ume changes per- hour · (Reyno I d-s- = 500) to- 12. 4 vo I Lime chan.ges 

per hour (Reynolds= 1200). The supply duct to test eel I height 

ratio (d/H) was varied from 0.026 to 0.127. As can be seen from 
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examination of Figures 16 and 17, duct diameter and flow rate 

had very I lttle Impact on the measured value of the displacement 

efficiency, with average values of about 0.5. This value Is 20% 

lower than would be expected for a perfectly mixed flow. 
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Rayleigh numbers were varied between 3x109 to -3x10 9 , with nega-

tlve values denoting a supply temperature that is lower than the 

test eel I. The corresponding variations In the displacement ef-

flclency are shown In Figure 18. The displacement efficiency 

varied between a low of 0.2 ( 68% lower than a perfectly mixed 

system) to a high of 0.78 (2~% larger than would be expected In 

a perfectly mixed flow. Visual summaries of the test results for 

different test conditions are shown In Figures 19-21. Note that 

during both Isothermal (Raylelgh~O) and cold (Raylelgh<O) tests, 

there Is a region on the right side of the test eel I that 

receives I lttle or no vent I latlon air. This Is a demonstration 

of the type of local variation In vent I lat Ion rate that can lead 

to air qual lty problems If there are strong local pollutant 

sources. The hot Jet {Raylelgh>O~ test results demonstrate that 

very careful design Is required If eel I Ing based systems are 

used In heating appl lcatlons. 

0.6 

"'O 

~ 
0.4 

0.2 

0.0 Tn.,..,...,..,..,...,.-rp-...,....,.,..,,_rrf-ri-rrrnr"TT'f""TTT..,..,..,.TTTh-.-T'T"l"'T'T"l"'r+,:.,rrn"1"T"l-.-l 

-3x10
1 

-2x101 -1x101 
0 1x101 

Ra 
2x101 3x101 

Figure 18 Impact of Raylelgh number on displacement e•flclency 



errnal Ceiling 0et 
Intervals 

1888 

-- ~ .!'-·--·-------------- -----

Figure 19 Visual summary of Isothermal Jet tests. 



· .·:· 
-~·-:-~ 
1 : 

l :. 

L~§:b~·:l~ . ~: ,, ~,-{i;A.;: -I 

I 
. r 

sec 

.. . i 

... 
f , :· : ·· 

Interval 

. ~ 

I . 

'• .'·: .; 1 
~ . :_.,e I 

----'----·· --··-----· .. -- - ---- -· ------· - --- . 

Figure 20 Visual summary of hot Jet tests 

35 



p · -· 

I 

0uly 1 4, 1888 Cold Ceiling 0et 

l.~ ..... =.: ;,: ; '. .• 
• J : ~ • 
' I ,.' 

20 sec. Interval 

_ ______ & _ __,,....._ ___ _ 

Figure 21 Visual summary of cold Jet tests 

36 



CONCLUSIONS 

The performance of different vent I lat Ion systems cannot be ac-

curately evaluated unless measurements can be made at a large 

enough number of points to measure local concentration 

distributions. Optical measurement and digital Image analysis 

techniques can be used to provide spatial resolutions several 

orders of magnitude larger than can be provided using conven-

tlonal point measurement techniques. Two new definitions of ven-

ti lat Ion efficiency have been developed to take advantage these 

high spatial resolutions. The vent I lat Ion efficiency definitions 

are suitable for both laboratory and field studies, have wel I 

defined I lmlts which can be used for cal I brat Ion purposes, and 

can be Interpreted In terms of effective vent I lat Ion rates and 

pollutant source strength~. thereby providing direct physical 

Insight fnto vent I lat Ion system performance. Benchmark tests of 

displacement efficiency for a simple eel I Ing based vent I lat Ion 

system Indicate the presence of flow short circuiting and flow 

nonunlformltles In a single zone without Internal partitions. 

These effects were found to be relatlvly Independent of supply 

duct diameter and flow rate, and highly dependent upon the tern-

perature difference between the supply and the test eel I. A 

simple analysis has been made demonstrating that systems with 

high recirculation rates are less sensitive to local variations 
- - . 

I n ·· - vent I I at I 6 ri rates than systems w I th I ow rec I r cu I at I on rates . 

However, this reduced sensitivity Is attained at the cost of In-

creaselng average pollutant concentrations, and may In fact lead 

to a higher level of exposure. 
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Fu t u r e t es t s w I I I f o cu s on de t e rm I n at I on o f t he I mp act o f sys t em 

des I gn on supp I y of vent I I at I on a Ir to the occup I ed zone and the 

Impact of room partitions on vent I lat Ion system performance, 

based upon the performance measurement techniques developed In 

the present report. Component tests with real diffusers and In­

dustry participation are scheduled to begin during the last 

quarter of 1989. 
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