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PREFACE

The Unlted tates and many other countrlies have made g¢great
strldes In controlllng outdoor air pollution caused by factory
2nd automoblle emlisslons, waste dumps and power planits. Yet, the
greatest health rilsks from alrborne po!lution are found not In
the outdoor atmosphere but In our homes, offlices, and publlc
gathering places. |In fact, the risks we face from breathling in-
door =alr may be compared, In some Instances, to those taken by
individuals worklng wlth chemlicals and radlation In Indusztrial
settlings. The major dlfference Is that well establlished systems
of monitorling and control are used In industry; whereas, no such
systems‘ exlst for prlvate resldences, and llttle has been done
to monl tor and control I ndoor alr quallzxy In commercial
bulldlings.

In a2 ‘typlcal house, Incoor alr gquallity may be affected by
aerosols from clgarette smoke; resplrable particles and carbon
oxXldes from heatlng and cocking appllances (those <that burn

natural gas, kerosene, oll, and wood); carbon monoxlide from
automeoblle exhaust; compl!ex organlc chemlcals fn bullcdling
materlals, furnlture, cleaning flulds, and solvents; flbers of
asbestos; alrborne Dbacteria, fungl! and house mltes; ancd, cf

maJor concern In many parts of the Unlted States, radon and Its
progeny.

Indoor alr quality research has been spurred by the lIncrezse In

energy conservatlon measures. The Inltlal mectlivation was +tc
evaluate the effect o©of reduced alr exchange on Indoor air
gquallty. Conservation measures (the +tlghtening c¢f existing
bulldlngs agalnst <condltlioned alr loss) are often blamed for
poor Indoor alr quallty. However, several studles have shown
that this [s not the case, and that In some Instances properly

Installed weaztherlization may actually recuce indoor pollution
levels. Reductlion of heat losses through more efflcient (albelt
decreased) ventllatlon does not automatlically result ln slg-
nlflcantly hlgher levels of Indoor alr pollutlon.

The regulatlon of Indoor alr quallty !Is no small undertaking.
Different bulldling structures (slngle famlly homes, apartment
complexes, cfflce bulldlings, hcspltals, exc.) reqgulire dlfferent
approaches and answers o thelr Indlvidual Indoor pollutlion
problems. The Department of Energy (DOE) through the Offlice of
Buildings and Commun!lty Systems has undertaken the task of In-

vestigating and evaluating the reasons and pcsslble cures for
poor Indoor alr quallty.

Simply stated, +the goal of DOE’'s lIndoor. Environment Research
Program Is to develop acvanced energy conservatlon technologles
that malntaln healthy and comfortable Indoor environments. The

results of ongolng research have evolved Into the followlng
hypotheses:



(1) Alr quallty In bulldlings |Is domlnated by sources. Problems
are more often related to strong sources (soil gas, construction
materlals, solvents, furnlture materlals, etc.) than to
deflclences |In ventilation.

(2) Alr pollution is a bulldings probliem. Generally, the con-
centratlions of pollutants observed In bulldings are comparable
to those outdoors; however, when ma jor Indoor sources are
present, the concentrations Indoors are substanttally higher.
Slnce people spend 70% to 90% of thelr time inslide bulldlings,
that Is where the major portion of thelr exposure to alr pol-
lutants occurs. Because pollution sources and removal processes
are often assoclated wlth bullding structure and opera<tion, It
follows that alr pollution Is a bulldlings problem.

(3) After source control, ventllattion Is the best control
strategy for Indoor pollutlon. Ventlilatlon wlth outdoor alr con-
trols all |Indoor pollutants In a2 sIimllar way. Therefore, |t I's
the best single strategy to employ In bulldings for pollution
control. Thls assertlon does not contradict the flrst
hypotheslis. Rather, |t acknowledges that we cannot ldentlify anc
remove all of the pollutant sources In a bullding. In  those
cases where a particular source Is known to be a problem, | &
should be removed, |f thls can be done effectlvely. Because such
Informatlon Is usuzally lacklng, ventllation remalns the best
general control strategy.
v AR

The research descrlbed In thls report supports DOE program ob-
Jectives by bproviding advanced technlques for evaluatling the
performance of ventllatlon systems wlth respect to control of
Indoor alr pollutants. The objective of SERI’'s ventltlatlon re-
search Is to use these technliques to compare the energy perfor-
mance and 2lr quallty performance of dlfferent ventllation sys-
tems, so that a hlgh level of alr quallty can be provided at
mlinlmum energy cost. .



SUMMARY

Ven+|lation sysitems have tradltlionally been deslgnec to provice
odor control and thermal comfort under the assumptlion that the

alr Iln a bulldlng Is perfectly mixed. The advent of new ven-
+llatlion technologles such as varlable volume ventllation sys-
tems, displacement ventllatlon systems, and heat recovery sys-
tems have brought the usefulness of the perfect mixing assump-
+lon under qguestlon. In addltlon, Increased concern over the

health Impacts of Indoor alr pollutants have led to the need for
more accurate methods of determining the Impact of ventllatlion
system design on |Indoor pollutant transport and occupant ex-

posure levels.

A recent revislon of the ASHRAE ventllation standard 62-81 has
recognlzed the need for understanding the lInk between ventlla-
tlon 2lr distribution and |Indoor alr quality by Including an ap-
pendlx on ventlilatlon efflclency for use In ventllatlon system

deslgn. Ventllatlon efflcliency measures the ablllty of a ven-
tllation system to dellver ventliatlon alr to the bullding oc-
cupant as well as remove pollutants before they mix with alr In

the occupled zone. Knowlecdge of ventllation efflclency Is re-
qulred because local pollutant concentratlons and occupant ex-
posure levels In bulldings are determlned by the local ventlla-
tlon rate and pollutant source strengths.

One of the primary problems faclng the ventllatlon system desig-
ner |Is lack of control over the final operation and modlflicatlon
of hls design. Bulldling are often remodeled wlthout regard for

the Impact of the mod!flcatlons on ventllatlon system
per formance. Many Indoor alr quallty problems can be traced =to
changes In bullding usage patterns or Improper malntalinence.

Thils Implles that the sensltlvity of performance to the presence
or eabsence of dlsturbances such as Interlor room partltlions
(whlch: may be added at a later date) Is as Important as perfor-
mance under Inftial deslign condltions. |In recognition of <hils
fact, SERI has developed a2 multiyear testlng program aimed =a%t
determlining ventllatlon system performance, as seen by the
bulldlng occupant, over a wlde range of operatlng condltlons.

Durling the lInltlal phase of the research program |t was . recogc-
nlzed that exlIstlng polint measurement technlques <could not
easlly provide the resolution that Is requlred to determine per-
formance as &a functlion of room locatlon. As a result, flow
visuallzatlon technlques and Image-based concentratlon measure-
ment technlques were developed which Increase spatial resolution
several orders of magnltude over conventlicnal! techniques. These
;dyanch measurement technliques are deslgned to be uggd lg,full

scale and smal!l scale tests of ventllatlon system performance
Involving “"benchmark" geometrles (simple geometrles ceslgned to
establlish the range of expected performance varlations), as wel/l
as tests Involving real ventlilation system components.



Thls report summarlzes the resu!ts of benchmark tes:s oeslgnecd
+o cetermine the effect of flow rate and therma! sirztiflca+lon
on short clrcuitlng of ventllzetlon a2ir between supply and return
cducts In celllng-besed ventllatlon systems. The itest results |n-
dleczte theat thermal streztlflcation Is the slngle mest Important
parameter tested to date and underscore the need for the exten-
slon oOf system deslgn technlgues to Include hezastlnz s well 2s
coollng =appllcatlons. The tesis were conducted In zn open room
geometry and dld not Include the effects of room partlitions ang
furnlture. An overview of the SER! ventllatlon testling researcn
plan |s provided below.
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NOMENCLATURE

c concentration (kg/ma)

Q ventllation rate (m3/s)

q volumetric pollutant source strength (m3/s)
\% room volume (m3)

Greek

displacement efflclency nondimensional, Flgure 7

Mg
nr removal efflclency nondimenslional, Flgure 8
< nomlnal room volume replacement time, V/Q (s)

Subscripts

° condltlon at ¢=0
In supply
out return

s pollutant source



DETERMINATION OF VENTILATION SYSTEM PERFORMANCE

Increased awareness of the potential! health risks =assoclatec
with Indoor alr pollutants -4 nas stimulated Interest In im-
proving our understandling of how ventilatlon alr Is distributec
and how pollutants are transported In bulldlings. The task of
predlcting the performance of ventllatlon systems wlth respect
to control of Indoor pollutants Is not a simple one. Pol lutant
transport deperds |n general upon bullding geometry, pollutant
source characteristlics, and thermo/fluid boundary condltlons
such &as flow rate, thermal stratlflcatlon, duct locatlon, and
dlffuser characteristlcs. If the alr In a room Is well mlxed,
then then local pollutant concentratlions can be predlcted based
upon Kknowledge of the room ventllation rate, <the pollutant
source strength, and the pollutant concentration In the supply
alr. In sltuatlions where the well-mlxed assﬁmptlon does not
apply, addlitlonal knowledge of the effect of ventllatlon system
and bullding parameters upon local conceniratlon dlistributions

Is requlired to determine ventllatlicn system performance.

Because It Is Impractical or Impossible to remove all pollutant
sources, the bulldlng ventllatlon system must be deslgned <o
provide a rellabile last line of defense agalnst I ndoor
pollutants. Thils implies that +the ventilatlon system must

provide an = Zdequate balance between the ven<tliation Trate and
pollutant sources at al!l occupled bullding locatlons over a

broad rance of operating condltlons. The ventilatlon system must

10



pe designed to accounrt for worst case rather than zverazge condl-

+lons because the sensltlvity of concentration o flow non-

unlformlties can produce locallzed areas wlth unaccepiably hlgn

concentratlon level!s, even |If an acceptable =average bullcing

concentratlon can be &achieved a2t a g¢lven ventllatlon reaze.

ventllatlon systems must be desligned to be as robust as

Filnally,
pesslible, Bulldlings are freguently remodeled wlthout regarc for
the Impact on ventllatlon performance that wll!l be produced by

the modlflcatlons or knowledge of the Inftlal use for which %the

-

ventllatlon system was cdeslgned.
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Flgure 1 Sensitlvity of concentratlon %o local ventllatlon ra+e
(uniformly dlstributed source with speclfled Cs/cip).If lozal
ventllatlon rates are allowed to produce low ven:llz%lon recleés,;

hligh pollutant concentratlions wll! result.
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A number of different ventllation efficiency measures have been

1
prcpcsed *o provide & basls for ventilatlion systiem ceslgn"s_

These deflnltions can generelly be categorlzed wlthin the three

dimenslional matrix shown In Flgure 2. The X-a2xls |In Flgure 2

deflnes +the bul!ldling subsystem that the deflnitlon is applled

S

-

i the y-ax!s deflnes the physlcal meanlng attached o <the

-

deflnltion (ventllatlon alr dellvery or pollutant removal), anc

the ——-aXls Indlcates whether the deflnltlon |s based upon lab

~

measuremensts, fleld measurements, or numerlical calcula<lons. Lzab

measuremencs and numerlical calculation can provice highly
cetalled Informatlon about transport phenomena whlle fleld
studles provide valuable "In sltu" measurements of performance.
c -
o F]
3 5
z z
g
% @
=
o
Buiiding subsysiein
. ) . . \:;o

Venlilation air
supnly
(22-81R/3.1)

Pollutant |
removal "7 . | T
(€2-81R/8.2) | "'

.

; Elliclency delinltion

Distripution — Room - Occupied
systemn -, U0, . zone .
Building subsystem . . _ .

Flgure 2 MaJor types of ventllaztlon efflclency measures.

12



The matrlx shown |In Flgure 2 demonstrates that ventilation per-
formance ls determined by system deslign as well 2as room alr
- -

distributlion. For example, the fraction of ventllatlion alr that

s dellvered to a bullding occupant depends In general ypon two

factors:

(1) +he fractlion of the alr dellvered to a room that short clr-

cults dlrectily to the return duct,

(2) and the fractlon of this short clrculted alr that ls
reclrculated to the room by the ventllatlon system vlia the

return alr.

Sensltlvity to flow short clrcultlng can be reduced by usling
large recirculatlion rates, a2t the risk of relntroducling pol-
lutants to the bullding rather than exhausting them directly to
the outslide. The Impact of reclrculation rate on per cent
dellvery of ventllatlion alr Is shown |In Flgure 3. Some cautlion
Is requlred before usling Figure 3 as the basis of ventllatlion
system design because large reclrculatlon rates also reduce xthe
ratlo of the source to supply concentratlon ratlo (Cs/cln)
previously shown In Flgure 1. Thils reductlon tends to uniformly
elevate the concentratlon of the pollutant In the bullding, at
the same time +that |t reduces concentration varlations *to =2
'%maller“range of ventllatlon ratles (Q/g). Because Cin has been
Increased relative +to a'system wlth 2 low recirculetlon raxte,

the margln for error can actually be reduced In systems wlth

13



large reclrculatlions rates. A small varlatlon In c/cln wlth hlgn

recirculation rates (hlgh Cin) has the potentlal to expcse 2

large number of bulldling occupants to an unacceptadly hlgh pol-

lutant concentratlon. Conversely, a large variztlon In c/c|, may

be eacceptable In systems wlth low reclrcuiation rates, because

of the Increased "headroom" provided by reducing the value of

Sin- An addixtlonal concluslion that can be drawn from our dlscus-

of Flgure 1, Is that unlform concentration dlsstrlbutlonrs

]

slon

can occur In syvstems wilth hlgh reclrculatlion rates, even when

room alrflow Is not well mlxed.
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Flgure 3 Impact of system reclrculatlon rate on per cent
cdelivery of ventlilatlon alr, as a function of room short clr-
cultlng level. The assumptlons used In the development of <*hls

flgure are the same 2s thecse In references 12-15.
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Several dlifferent methods of measuring ventllatlon system per-
formance have been evaluated to determlne thelr usefulness in
meetlng the obJjectives of SERIl's ventilatlon testing research

7~10 can be used to detect spatleal

program. Age of alr methods
varlatlons in alr dellvery by comparling the residence time of
the alr as a functlon of room locatlon. When normallzed wlth
respect to the shortest posslible resldence tlime, the spatilial

average age of room alr can be used to deflne a measure of alr

exchange efflclency11.

If the room subvolume of Interest can be approximated as belng
well mlxed, then the short ¢clrcultling of ventllation alr with
respect to that subvolume by measuring the effectlve ventlilatlon
rate wlthin that subvolume using tracer decay technlgues and

12-15 The Im-

comparlng thls with the nomlnal! ventllation rate.
pact of system reclrculatlion on air dellvery can then be calcu-

lated using Figure 3.

The measurement technliques described above are llmlted to

measurement of ventllation alr dellvery. As shown In Flgure 2,

room conceptratlons In the presence of pollutant sources are
zalso a functlon of the ablllty of the ventilation system (o
remove pollutants before they mix with room alr. Ventllation
systems that selectlvely remove pollutants will have hlgher

average concentrations In the exhaust than In the room. Systems
that are not very efficlent a2t removing polliutants wll]| have

lower average concentrations In the exhaust than In the room. To

) T 15
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cuantlfy thils effect, Rycberg and Kulmar '8 ceflined removeal ef-
fectlveness <o be the ratio of the concenirz*ion In the exhaussz
to the average room concenstra+lon 2+ steady stiate. Thls ratlio |s
cone for 2 perfectly mixed system and can rance In value from
zero o Inflnlty for systems that are less efflclent or more e¢-
flclent than a2 perfect mixling system. An example of a vertllz-
tlon strategcy tha:t has been deslgned {o selectively remove

buoyant pollutants Is shown In Figure 4,

Flgure 4 Dlsplacement ventllatlon sys*ems uUse thermal
stratlflication to selectlively control buoyant pollu=an+ scurces.
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MEASUREMENTS OF VENTILATION EFFICIENCY BASED UPON CONTROL VOLUME

ANALYSIS

The ventllatlion performance concepts described above Involve
compromises that are llnked In part to the IImlitatlons In spa-
tlal resolution that can be achleved using conventional polint
measurement technlques. Rydberg's definlitlon of pollutant
removal effectlveness does not provide Information about local

pollutant concentratlons, and requires measurements to be made
after- steady state condlitlons have been achleved. Age of alr
technlques provide a method of detectling flow nonuniformities,
but requlre long time Integrals that may be dlfficult to

evaluate8

and lose physlical meaning when Interpreted In terms of
local ventllatlon rates1o. The short circulting analysls
developed In references 12-15 provide a powerful method for ex-

aminlng the lInk between local ventllatlon rate and system

reclirculatlion rate, but do not measure pollutant removal rates.

To overcome the Iimitations In spatlal resolution assoclated
with the use of conventlional polnt measurement technlques, SERI
researchers have developed flow visuallzatlion and digltal Image
analyslis concentratlion measurement technlques that produce spa-
tlal resolutlions several orders of magnltude larger than conven-
tional approaches. These methods make It possible to accurately
determine the |Ink between the ventilation system design and lo-
cal alr quallty as seen by the occupant of a bulldlng.17'18 To

limlt costs durlng the Inltial phases of the research project,

17



inltlal benchmark tests of simple ventilatlon systems have been

conducted uUslng a unigue small scale test cell. The small scale

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

than alr In small! scale tests has the advantage that veloclty

scales and length scales can be reduced by the same amount, S0

that convective time scales remain unscaled (le, the small scale

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

non-Ilsothermal flows, provided that the difference In Prandtl

number between alr and water Is properly accounted for.Tg'zo
Heavy gases such as Freon can be used to reduce Prandtl number
differences, but wlll Incorrectly scale radfant effects.21

Radlant effects do not have to be conslidered In water tests be-

cause water |Is opaque to Infrared radiatlion.

]

100.00 200.00

L

i

Concenlralion
0.00

'Avg. Concenlralion (ppm)

A

[

Volume measurement :

Flgure 5 Conventlonal polnt measurement technlgues cannot

provide +the spatlial resolutlon requlired to accurately measure

ventllatlon system performance wlth respect to room subvolumes
e, o ! 18 gl ’ R .
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Flgure 6 Determination of Displacement Effliclency, ng, Based on
Knowledge of Flow and Concentratlion on Boundarles of Con%trol
Vo lume.
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Flgure 7 Determinatlon of Removal Effliclency, np, Based on
Knowledge of Flow and Concentration on Boundarles of Control
Volume.
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Two short term measures of ventllation effliclency have been
developed to take advantage of the spatial resolutlion provided
by the image analysls system (see Flgures 6 and 7). The dls-
placement efflclency, ng» measures the abllity of the ventila-
tlon system to dellver ventllation alr to a specifled control
vo lume, and the removal efficlency, n,, measures the ablillty of
the ventllation system to remove pollutants before they mix wlth
room alr. Both measurements are based upon mass balances on a
speclfled room subvolume and therefore have a direct physical
Interpretation that can be easlly understood and applled by ven-
tlilatlion system designers. The displacement efflclency measures
the fractlon of room alr that Is replaced durlng the time that
one room volume Is supplled by the ventllatlon system and the
removal efflclency measures the fractlion of a speclfled pol-
lutant source that Is removed by the ventllation during the time
that one alr <change |Is supplled by the ventllation system.

(Flgures 8 and 9).

These ventilation efflclency measures have been developed so
that they can be applled to both full scale and small scale
tests. Because the ventllatlon efflclency and displacement ef-
flclency are based upon mass balances, they both have well
def | ned limits as the elapsed time from the beglning of a test
approaches lnflnlty: These lImltling values provide extremely
“'senslitive callbration polints for detection of experimental

errors.

20



Flgure 8 Control volume showing physlcal

Efflcliency
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Flgure 8 Control volume showlng physlical meaning of
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Removal



Although the |Integrals In Figures 6 and 7 look simllar to +the
integrals that are evaluated durling age of alr calculatlons,
they are In fact fundamentally dlfferent. The age of alr Is es-
sentlally a statistical welghting functlon whlch can be used to
provide a relatlive measure of the average tilme before air I's
replaced at a glven polnt measurement locatlon, based on evalua-
tlon of an Infinlte time Integral. Age of air calculatlions do
not provide any Information on pollutant removal rates or physi-
cal ventilation rates unless the flow Is well mixed. The dlis-
placeﬁent efflclency and removal efflclency measure alr dellvery
and pollutant removal based upon short term mass balances on

well deflned control volumes (not polnt locatlions).

For example, a local value of the dlsplacement efflcliency, nld»
can be calculated based upon knowledge of the local concentra-
tlon at elapsed time t=v after a step change In concentration

has been applied to the alr which Is supplled to a room.

n g = (c-cy)/(c y-Ccy) at t=x (1a)
c=c, for t<O (1b)
c=c,|, for t>0 (1c)

22



In equation (la), x refers to the time scale assoclated with the
overall ventilation rate and volume of the room (not the time
scale assoclated wlth the local ventilation rate and local

volume element) and c refers to the local concentratlon.

An overall value for ng can be calculated by averaging the loca!
value nld over the room volume, or by Integratlng the concentra-
tlon with respect to time In the exhaust duct as has been
previously dlscussed. A relatlve measure of dlisplacement ef-

ficlency nrel

4 can be determlined by calculating the ratlo of the
local displacement efflclency to the room average dlsplacement
efficliency. Values of ng c€an also be calculated for flnlte room
subvolumes. The dlsplacement efflclency nozd Is the efflcliency

obtalned by averagling “ld over the occupled zone.

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

per lImlt tax, |t Is equlivalent to the deflnitlon of local age
of alr dlvided by . The theoretical IImlting value of the In-
tegral as toax Is 1.0. When ng measurements are belng used In
fleld studles, thls IImlting value can be used durlng Iinltlial

callbration tests to determlne the errors associated with un-
specifled interzonal alrflows and Inflltration. |f these sources

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

Limiting values of ngq for perfectly mixed and perfect displace-
ment flows are shown In Flgures 10 and 11. Real flows Include a

comblnatlon of dlisplacement and mixlng, wlith the dlsplacement
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fraction belng

tween the supply diffuser and exhaust duct (F/|

determlned primarlly by the tlme of fllight

gure 12).
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Flgure 12 Average ng for real flows.

One of the primary problems assoclated wlith thé model Ing of HVAC
system performance |s determinling the fractlon of alr provided
at the supply dlffuser that |Is actually dellvered to a g¢glven
room location. Multlzone mixlng models have been used by several
authors to dlfferentliate between performance In dlfferent room
subvolumes. In thls sectlon a modiflied two-zone analysls will be
used to demonstrate the relatlonship between ng and short clr-
‘cultlng between the supply and return ducts In celllng based

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

"BécalUse one of the primary objectflives of dliffiser désign Is to
provice adeguate mlxing of the ventllatlon Jet before It enters

the occupled zone |t Is convenlent to divide the room Into <the

o5 — e S e



jJet mlixlng zone wlth volume V-V and the occupled zone wlth

oz”
vo lume Voz‘ The Jet produces mixing by entraining alr from the

occupled zone at the rate Q By contlnulty, thls Is also the

ent”’
rate at whlch alr ls supplled to the occuplied zone. | f
(V—Voz)/(Q+Qent) << Voz/Qent then a steady-state approximation
can be appllied to the Jet mixlng zone, resulting Iin a concentra-
tlon at the return duct equal to

c (QC| 1 *QentCoz)/ (Q+Qant) (2)

out
For the system shown In Flgure 8, this Is also the concentratlon
of the alr that |Is dellvered to the occupled zone. |If we assume
that the occupled zone Is well mixed, then the dlfferential
equatlion describlng the rate of*change of concentration In the

occupled zone lIs
dcoz/dt=(1lvoz)[QentQ/(Q+Qent)]{cln—coz} (3)

This Is Identlcal to the equatlion that would result If the ven-
tilation Jet was added directly to the occupled zone wlith the

ventllatlon rate

QentQ/(Q+Qgpy) (4)

1f  Qgn/(Q+Qgny) Is not equal to V. /V, n®% Wil differ from
0.63 even though the occupled zone Is well mlxed. Solving equa-

tlon (3) one finds
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n%y = 1-exp(-t/7y,) (52)

1/(02 = (T/Voz)QentQ/(Q+Qent) (5b)
Equatlon (5a) provides a method for calculating «/<gee |f nozd

ls known from short term experimental measurements. Evaluatling
equation (5) we flind

[o}r4
/Ty = -In(1-q

a) (6)
A graph of equation (8) Is shown In Figure 13. The fractlon of
ventlilation alr that short clrcults to the return duct relative
to what would Have been supplled to the coccupled zone If the en-

‘tlre room was well mixed Is

s, = (1-n°%4/0.63) (7)
Examples of n, calculatlons for perfect mixing and perfect dls-
placement flows are shown In Flgures 14 and 15. The removal ef-
flclency does ncoct make physlcal sense when applled to subvolumes
of a room which do not contain pollutant sources. However, 1t Is
possible to deflne a pollutant dellvery efflcliency Np» which
measures the fractloq of a pollutant source which Is added to a
room subvolume durlng the tilme that one volume change Is sup-
plled to the room. The pollutant dellvery effliclency for a room

ls
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np = T=n o =(c-co)Q/qcS (8)

where ¢ |s the average concentration [n the room at t=v.

The pollutant dellvery efflclency for the occupied zone Is

n®%, = [(cg;-5)Q/acg1(Vy,/V) (9)

In eqguatlon (10), Eoz Is the average concentration In the oc¢-
cupled zone at time t=x. For a room In which the entlre volume

ls perfectly mlxed,

oz
n = 0.63(Vgy,/V) (10)

For a ventlilatlon system wlith the same two zone structure as was
used In the derlvatlion of equatlion (5),

n%%, = (1oz/7)[1-exp(-1/15;)] (11)

As In the case of alr dellvery. a stratificatlon factor can be
-deflned for pollutant dellvery that measures the the effectlive
pollutant source strength In the occupled zone relative to the
source strength for a perfectly mixed flow.

(12)

sy = (1/0.83)(V/V ,)n®?

p p
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Solving for the steady state concentratlion in the occupled zone
for the two zone flow described above and simpllfylng with the

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

(cgz=ColQ/acy = sp/(1+sa) (13)

Equatlon (13) demonstrates that s_. and (1+sa) provide a dlrect

o}

measure of the effectlve source strength and the effectlve ven-

tllatlon rate relatlive to a room that Is perfectly mlixed.
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Flgure 15 Removal efflclency for perfect dlisplacement flow
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EXPERIMENTAL RESULTS

Measurements of average room values of the displacement ef-
ficlency have been conducted for the simple cellling based ven-
tlilatlon system shown In Flgure 8. Parameters which were
measured durlng the experiments Included flow rate (Reynolds
number), supply duct dlameter, and thermal stratlificatlion
(Raylelgh number). The Raylelgh number [s used rather than the
Grasof number to provide a flrst order correctlon for bouyancy
effects due to the dlfference In Prandtl number between alr and
water 15-21,

The length scale used In the deflnltlion of the Reynolds number
Is the supply duct dlameter. The length scale and temperature
dlfference used In the deflnltion of the Raylelgh number Is the
temperature dlifference between the supply and the test cell and
the helght of the test cell. A detalled descriptlion of the ex-
per imental apparatus has been previousl!y glven In reference 17.
The supply duct conslisted of a single slot dlffuser that ex-
tended across the entire width of the test cell, as dld the
return duct. The tests were conducted with a completely open
room volume, and therefore dld not Include the Impact of partl-

tlons or furniture on ventllation performance.

The Volumetrlc flow rate during the tests was varled from 5.1
volume changes per hour (Reynolds = 500) to 12.4 volume changes
per hour (Reynolds = 1200). The supply duct to test cell helight

ratio (d/H) was varled from 0.026 to 0.127. As can be seen from
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examlnatlon of Flgures 16 and 17, duct diameter and flow rate
had very llttle Impact on the measured value of the displacement
efflclency, wlth average values of about 0.5. This value Is 20%

lower than would be expected for a perfectly mixed flow.
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Flgure 16 lmpact of Reyno!ds number on dlsplacement efflclency.
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Efficlency.Reynolds=1000. Raylelgh=0.

32 °



Raylelgh numbers were varled between ax10° to -3x109, wlith nega-
tlve values denotlng a supply temperature that is lower than the
test cell. The corresponding varlations In the displacement ef-
filclency are shown In Flgure 18. The dlsplacement efflclency
varled between a low of 0.2 ( 68% lower than a perfectly mixed
system) to a2 hlgh of 0.78 (24% larger than would be expected In
a perfectly mixed flow. Visual summaries of the test results for
different test condltlons are shown In Flgures 15-21. Note that
during both Isothermal (Raylelgh=0) and cold (Rayleigh<0O) tests,
there Is a reglon on the rlght side of the test cell that

recelves ll1ttle or no ventl!latlon alr. Thls Is a demonstration

of the type of local varlatlon In ventllatlon rate that can lead

to ealr quality problems |f there are strong local pollutant
sources. The hot Jet (Raylelgh>0) test results demonstrate that
very careful design Is requlired |If celllng based systems are

used In heatlng appllcatlons.
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CONCLUS IONS

The performance of dlfferent ventllation systems cannot be ac-

curately evaluated unless measurements can be made at a large
enough number of points to measure local concentration
distributlions. Optlical measurement and dlglital Image analysls

techniques can be used to provide spatlal! resoclutions several
orders of magnlitude larger than can be provided usling conven-
tlonal polnt measurement technlques. Two new deflnltions of ven-
tlilation efflclency have been developed to take advantage these
high spatlal resolutlons. The ventlilatlon efflclency deflnitlons
are sultable for both laboratory and fleld studles, have well
deflned |imlts which can be used for callbratlon purposes, and
can be lInterpreted In terms of effectlve ventllatlon rates and
pollutant source strengths, thereby providing direct physical
Inslight Into ventilatlon system performance. Benchmark tests of
displacement efflclency for a simple celllng based ventilatlion
system Indlicate the presence of flow short clrculting and flow
nonunlformltles In a slngle zone wlthout Internal partltions.
These effects were found to be relativiy Independent of supply
duct diameter and flow rate, and highly dependent upon the tem-
perature dlfference between the supply and the test cell. A
simple analysls has been made demonstrating that systems with
hlgh reclrculation rates are less sensltlve to local variatlons
In “ventllation rates than systems wlth low reclrculatlon rates.
However, thls reduced sensitivity Is attalned at the cost of In-
creaselng average pollutant concentratlions, and may In fact lead

to a hligher level of exposure.
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Future tests will focus on determination of the Impact of system
deslgn on supply of ventilatlon alr to the occupled zone and the
Impact of room partltlons on ventllation system performance,
based upon the performance measurement technlques developed I'n
the present report. Component tests wlth real dlffusers and |n-
dustry particlpation are scheduled to begin during the last

quarter of 1989.
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