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buildings has resu It d .· n order to improve the 
problems. The need ef in the development of signiffcanenergy efficiency of 
energy cos t.s and good :~ a ball ~nee between the compe t f !g 'ng~o r a Ir Qua l I ty 
chenifca I I abora tor ies ~ Qua lty are perhaps nowhere m o Ject f ves of 1 ow 
tants fs ver ' were the potential for ore evident than Jn 
ductlons fn Ythg;eat. All too often, tlifs needex:osure to hazardous pollu-
indlvlduaJ laborat~ver~ll ventilation of the buf tJ1 been met through re­
paper. a series o/~xpum~hoods to achieve acceptablen~1 and al reliance upon 
Quacy of this approach eriments wfl l be described that ~n~~a lty , In t'11s 

The experiments e~ 1 cate the fnade-
of the fate of 1 P oyed sulfur hexafluorfd 
dfcated that re!n~r:ut~ntfs e·xhausted from the fum:ho~sd an T~tmospherfc tracer 
nfffcant impact on f ~ umehood exhausted pollutants.h de experiments fn­
of the fvmehood n oor air quality than direct a a much more slg­
planned reductl~nsR~entry was seen to be especla!Tycosnftamlnatlon at the face 
111ake-up air for the ; ovheralJ building ve11tf lat ion g~Hfcant when poorly 
a.s much as 10% of theume hoods . In buildings that ;:ehsi~f;edd In fnsufffc1ent 
terlor. Durin t ex austed pollutants was ret e this behavior, 
observed to e:ce::iC:o~ experiments, average buil:;~ed to the building fn­
Huch higher concentratfo ppb/gr-mole released/hr unaerco~~entrations were 
11ore direct reentr ns were observed In sect! ese conditions . 
turn fraction was ~e:f exhausted pollutants was pos~~bl of buildings where 
contamfnatfon resultfuce~ In more balanced ventflatl e . Although the re­
duf' to direct contam1~!t1 rom furnehood exhaust reentr;n a~ystems, the Indoor 

on at the face of the fU111ehood . ways exceeded that 
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I. Introduction 

It has only recently become clear that accurate assessment of exposure 
to airborne pollutants requires an understanding of the relationsh ip of In­
door air quality to that outdoors. The Indoor concentrations of externally 
generated pollutants are generally less than the ambient concentrations due 
to phys lea 1 or chemica 1 I oss mechan Isms and 11mi ted a Ir exchange rates . 1 t 
has long been recognized, for examp 1 e, that exterior ozone concentrat Ions 
are typically greater than those Indoors due to destructive reactions that 
occur on the i nterior walls (e.g . Shalr and Heitner, 1974). The indoor 
concentrat ions resulting from pollutants generated within a bui !d ing. how­
ever, are typically greater than ambient concentrations due to limited ven­
tilation of the build ing interior. 

Nowhere is there a gTeater poten tial for adverse health effects due to 
I nterna 1 Jy generated airborne contaminants than In chemica 1 and bio logical 
laboratories where hazardous materials are handled . ln an attempt to limit 
the indoor air quality problems, the se materials are typically handled fn 
f11111ehoods wti lch exhaust the contaminated air directly to the atmosphe.re . 
Fumelioods are designed to reduce only the direct exposure of the laboratory 
personnel handl Ing tlie hazardous material . As pointed out by Sha Ir et al . 
(1981), however, the most significant exposure typically occurs indirectly 
through the return of the exhausted pollutants to the building . 

This problem has been aggravated in recent years due to the desire to 
1111n1m1ze energy costs associated with the heating and cool Ing of building 
air. This has typically led to efforts to reduce the bullding exchange 
rate with the exterior air. While the econo111lc incentive to reduce air tn­
ffltratfon ts strongest In cold climates, ft Is also increasingly being 
felt io more temperate regions due to the high cost of cooling the Indoor 
air dur i ng the summer. Arb1trary reductions fn the buflding ventilation 
rate for this purpose, however , can significantly increase the return of 
·the contaminated air exhaustJ?d by the fumehood by lmbalancing the overall 
ventilation system. In addition, reductions in building ventilation rates 
are typically dictated entirely by econooiic considerations and do not rec­
ognize the need to balance the associated potent i a I for air qua Ii ty degra­
da t 1on. 

Although the Indoor air quality problems associated with the return of 
exhausted building pollutants have been recognized, there apparently still 
exists an Insensitivity and lack. of appreciation for this proble111 . Fumehood 
effectiveness I!. still largely measured by face velocity and other measures 
which influence only the direct impact of the working material on the labo­
ratory personnel. An illustration of the emphasis on finnehood face velocity 
is the current OSHA regulation specifying an average 150 fpm face velocity 
for workers trans ferrl ng ca ref nogens. Recogn i z f ng the importance of fac­
tors other than face velocity, the American Chemical Society has recently 
Issued a position statement in opposition to this regulation (C&E News, 
1985). 

The pu rpose of this paper ls to focus further attention on the problem 
and emphasize the behavior of both typical and worst case buildings with 
respect to the return of fumetiood exhausted afr. In thfs paper, the re­
sults of atmospheric tracer experiments designed to probe this problem will 
be discussed . The tests were conducted over a period of almost 10 years 
and represent several hundred Indivi dual experiments In a variety of build­
ings. In some of the bul ldlngs, the experiments were conducted in an at­
tempt to address known Indoor air quality problems . Other experiments were 
conducted fn buildings exhibiting no known air quality proble.s, however, 
tn an attempt to define typical behavior . Taken together, these exper­
iments Indicate the range of s~gnlficance of the M!turn of exhausted air ·on 
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indoor air qua 1 i ty and 
ety personnel at laborat~ar~ bf~c~slei~i~os.guide the th1nk1ng of health and saf- ' 

II. Experimental Procedures 

All of the experim t for establ ishin en s employed what has bee 
pollutants arou,;id t~~l~iharacter i st i cs of the tr~:es th~ standard techn i que 
inert, non-toxic colo lngs . In thi s techn i que s~Jo! a:d dispersion of 
borne contaminants Srl~ss,hodorless gas, i s us'ed as ur t exafluoride , an 
as low as l part ·. u ur exafluoride can be det a racer of the a i r-
chromatography R 1 ~ a trillion parts air (1 ppt) ~cte~ at concentrations 
monitored thr~ugho~tea:e bo~1~ · very smal I amount of ih~ ectron capture gas 
experiments were c n u1 rng and the surround i n s gas can thus be 
afluoride at the ~ ~uct~d semi-cont inuously with a g ~rea. Typ i cally the 
day . Air samples aa e o· 0 .02 to 0.1 1/min,over re ease of sulfur hex­
collected using 30c~ v;;1ous locations 1n and arou:d ~i:;lod of an hour to a 
electron captur e det t sposable plastic syringes for le test buflding were 
automatically by a t~c or . In some i nstances the a~er analysis by the 
nel \\'ere employed t ime averaged sampler, whiie in s~~P es were collected 
Addit i onal informat~ co~lect essentially instantan o ers, support person­
In Drivas et al (l;; a out the technique and its aeous sa!1'ples manua·lly . 
the analytical p~oc d 2) and Dr i vas and Shair (1974)ppl iCcat1on can be found 

T e ures can be f d · · omplete d t n 
site due~~ :xperiments directly :~~vid; ~~~vas (1974) or Lamb (19e7:) s of 
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ran sport and di 1 t · concentrat i on t th · 
e norma 1 i zed 11' 1 th re u 1 on from the source Th a e samp 1 i ng 

and then applied to ol~pect fo the release rate of thee cz~centrat·ions can 
eling of the trace er po lutants if their emissi su ur hexafluoride 
tween the build i ng :n~e~~lts al'.ows estimation of t~: ;iarte ls known. Mod­
returned to the bufl e outs_1de air and the fraction exchange rate be­
ployed in recognition di _~g . h Simple wel 1-mhed compart of the contaminants ~nd even entire bui Id~ t e relatively rapid mlxin mer"t mo?e!s were em-
1ments . Turbulent velo n_gts ~hlen compared to the tim~ : 1 ind1v1dual rooms 
10-20 feet per min ci Y_ uctuations In a "sta ~a es of the expel"­
lcal room to be of ut~~· l~d1cating the characteristig;a;,t . room often exceed or er of a minute . x1ng time for a typ-

III. Presentation and D" . 1scuss1on of Results 

A. Evidence for the Reentry Problem 

Let us first examine a of the California Jnsti particular experiment cond 
characteristics of t.h tute of Techrrology Pasadena C~cted on the campus 
(i.e . reentry) pathse r;e~try problem and' compare the dl and identify the 
observed near the f o umehood pollutant ex osu rect and indirect 
r oom dur i ng a typicuamlehood under exami nation an~ i /~ii The concentrations 
to identify an upper b~~prlme.nt are displayed in Fi :r ce~ter of the same 
the contaminants with i n ~h to the d i rect e-xposure ofg fe h In an attempt ~usly . Attempts to "pul 1" ~h fume.hood, the fumehood air u;e ood . workers to 
instantaneous air s 1 e fume.hood air Into th as stirred vlgor­
typical working posia;~ es collected near the face :froom were monitored by 
centratlon of tracer i~n at the fumehood . As shown in at:e7ion located at a 
concentration of 4800 ear the face of the fumehood fl e gure' the con­
over the first 5 m· parts-per-tri 11 ion (ppt) was ob uctu~ted. but a maximum 
respect to the tra rnutes of 680 ppt. These val serve w1 th an average 
chemical in the f cerh redease rate Indicated that uaesi when normalized with 

ume oo would have resulted 1n a gr-mole release of a n average exposure to the 
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,_..ter at the fumehood of about 2.8 parts-per-billion (ppb). Note, howev­
lf' that between 4 and 10 minutes after the start of the release, there was ~· ;teady increase in tracer concentration both near the fumehood and in the 
cet1ter of the room . Samples collected elsewhere in the interior of the 

" llulldlng and outside indicated that the increase l{as the result of contam­
· tutfon of the building intake air with the fumehood exhaust. \his return 
. ef exhausted air resulted in an apparent steady state sulfur hexafluoride 
' concentration of about 6000 ppt, which corresponded to 25 ppb/gr-mo le re­

leased per hour, or an order of magnitude greater than the average direct 

exposure at the fumehood . In each of the several hundred experiments conducted, the exposure due 
to the return of the exhausted air exceeded the direct exposure from any 
f.,.ehood meeting minimal face velocity requirements . The steady state con­
centrations associated with the return of the fumehood exhaust were as low 
as 1-10 ppb/gr-mole released/hr in the best buildings tested . Even in 
these buildings, however, it was clear that a significant source strength 
(e.g. many fume.hood activities conducted simultaneously) could result in 
parts-per-million (ppm) levels of pollutants in the building . ln the worst 
buildings, however, the steady state reentry concentrations were as high as 
several hundred ppb/gr-mole released/hr, and it was in these buildings 
where indoor air quality problems were often reported . The worst buildings 
were typically those that did not provide sufficient make-up air for the 
fumehoods, resulting in a net building ventilation imba ' ance . 

B. Mechanism of Exhaust Reentry 
The reentry problem identif i ed in the previous section i~ t he result 

of the Interaction of the fumehood exhaust with t he bu i lding wake. As shown 
in Figure 2, the wake result i ng f rom the flow of the wind ar ound the bluff 
body represented by the building typically encompasses the majority of t he 
building sur face . The wake t ends to be well-m i xed with a characteristi c 
ml.xing time of the order of a minute (Orivas and Shai r, lg7Z.) . ln addi­
tion, the wake is only weakly coup l ed to the external freestream air in 
that air exchange between the wake and the externa 1 a Ir a 1 so occurs on the 
time scale of about a minut e (Drivas et al ., }97Z) Thus, pollutants emi tted 
from the bu i ld i ng into this wake are typical'ly mixed throughout the wake 
allowing the contaminated a i r t o be ret urned to the building through normal 

ventilation system intakes or i nfiltrati on . It has ·1 ong been recognized that the solution to thl s prob 1 em is en-
suring penetr at i on of the build i ng wa\<.e through to the tree.stream by the 
fumehood exhaust (e .g. Halitsky, 1968) . Unfortunately, the practica l and 
estheti c limits on staclt. hei ght and exit velocities reduce the appl i cabil­
ity of this approach for many laboratory buildings . Smith (1978}. however , 
indicated that the replacement of flush vent exhausts with a small stack of 
order 10% or less of the building he lgh't and an exit velocity of greater 
than t'fl i ce the wi nd speed will sigrdf i cantly reduce the recirculat i on and 
reentry problem . As will be i ndicated in the next section of the paper , 
however, the most signif icant factor in the reentry of exhausted pollutants 
is the balance between ventilation intake and the fumehood exhaust a i r . 
Imbalance results in infiltrati on throughout the building su r face ensuri ng 
the i ntake of contaminated air from the building walt.e . 
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/. Table l 

/i 

SF6 Average Concentration (ppt) 

Location Average --·------ No. of data points 
3rd fl ha 11-1 580 --------~---------
3rd fl room 560 4 
3rd fl ha! 1-2 580 4 
2nd fl room-I 270 3 
2nd fl room-2 460 3 
2nd fl room-3 360 9 
2nd fl room-4 780 2 
lst fl hall 400 2 

3 

. ' 
' 

,I 

500 +/- 160 
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~ A model of the building ventilation system composed of two interacting 
'. well-mix·ed stirred tanks was developed . One of the well-miKed tanks re­
; presented the building while the other represented the wake . Employing the 

~; observed steady state building concentration, the observed exponent\ a 1 
/ decay rate and a typical value of a wake ex.change time of I minute, the 
{ llOdel predicted the sol id curve in Figure 3 . The geneNl ly good agreement 
· between the model and the experiment suggests that the reentry mechanism is 

at leHt consistent with the postulated building-wake interactions . 
A second experiment during lighter and more var iable ~ind conditions 

during the winter verif ied the above estimate of the effect · ve ventilation 
rate for the building . Observed concentrations and the fract i on of re­
leased tracer returned to the building. however, were lower by about a fac­
tor of two du.r i ng this test. This reduction was presumably due to the 
relat i ve buoyancy of the exhaust air during the winter and ::he contam inant 
dilution resulting from the variability of ttie flow . The cha.nge of only a 
factor of two despite the changes in ambient meteorology suggests that the 
reentry ls relatively i nsensitlve to external conditions. 

The effect of meteorology on fumehood exhaust reentry was observed in 
more detail in a series of experiments conducted in a Chemis·try build ing at 
the University of Californ i a at Santa Barbara . During a typical test, the 
tracer was released continuously from a laboratory fumehood and hourly-av­
eraged samples were collected . High concentrations were observed 1nside 
the building during the day, but nighttime tracer levels were barely detec­
tible . Analys is of the tests and the as.sociated meteorological conditions 
indicated that the following factors we.re the cause of the reduced night­
time concentrations: l) low wind speeds at night reduced entra inment within 
the wake, 2) comparatively cool ambient temperatures increased the relative 
buoyancy of the fumehood exhaust, and 3) the direction of the nighttime 
winds reduced the exhaust-intake i nteracti on. Although the wind directi on 
tends to have a smal l effect on fumehood exhaust reentry due to the large 
portion of the surface contained within the building wake, the consisterit 
winds of a coastal region can be used to advantage in the placement of in­
take and exhaust vents. The data also indicated that rainfzll significant­
ly increased the reentry concentrati ons due to heat and monentum transfer 
with the falling rain, resulting in reductions in plume mo11entum and buoy­
ancy relative to the freestream. 

Imbalanced Ventilation Systems 

Let us now compare and contrast this behavior with tnat of buildings 
exhibiting imbalanced vent i lation systems by considering an experiment at 
the Jet Propulsion Laboratory, Pasadena, Ca 1i fern la. De ta ' led information 
about the experiment ls contained in Reible (1982). The building selected 
for study was designed t o be at a slight positive pressure, but the venti-
1 at I on system was imbalanced by a high vo 1 ume f umehood in a room in the 
southeastern corner of the bui !ding. The. exhaust rate exceeded the design 
intake rate in this room by about 1600 l/s. A tracer release conducted 
from the fumehood in this room resulted in the. reentry of the exhaus ted air 
into the bui lding by two distinct mechanisms, contamination of the building 
intakes as described above, and infiltration to offset the local imbalance 
In the southeastern end of the building. 

Conta.rnlnation of the two building intakes was also complicated by the 
geometry of the building . One building intake was influenced only by the 
well-mixed external wake, while the other was located in close proximity to 
the fumehood exhaust and thus was exposed to exhausted air before suffi­
cient time had elapsed to mix the wake effectively. One ·1entilation sys­
tem, therefore, was contaminated by the approx i mate 1% reentry Indicated as 
typical in the previous secti on of the paper . Higher concentrations (about 
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1. 

5.5 ppb or 89 ppb/gr-mole released/hr) were observed 1n the intake air in­
fluenced more directly by the fumehood exhaust. With an intake rate of 
3880 l/s, this suggests tha.t about 6% of the exhausted tra.cer was reintro­
duced to the building through the intake located close to the fumehood ex­
haust. 

Compound i ng the reentry problem in this building, however, was the ex­
treme ventilation system imbalance in the rooms near the test fu mehood . 
The negative pressure induced within the building resulted i n rapid infil­
tration of the tracer through doors and windows back into the building. 
About 5::0 of the released tracer was returned to the room from wh ich the 
tracer release was made . In this ma nner, room concentrations as high as 15 
ppb ( 235 ppb/gr-mo I e released/hr) were observed. Thus the room concen­
trations were only a factor of 20 below the fumehood exhaust concentration . 
It is this problem which must be considered when reducing the fresh air 
ventilation rate for energy conservation purposes. 

IV. Summary and Conclusions 

Summarizing the characteristics of exhaust reentry i n buildi ngs which 
exhibit approximate vent I lat ion system balance, returned po I lutant concen­
trations are typically in the range of l - 10 ppb/gr-mole released/hr . The 
entire volume in a balanced ventilation system can generally be treated as. 
we 11-mi xed due to the uniformity of the wake concentrations and the gener­
a 1 ly limited localized infil tration . Typically, on the order of 1% of the 
exhausted a Ir is returned to the bu i1 ding, a dilution factor of only 100 
between exit and reentry . Additional dilution occurs, however, since the 
returned material is dispersed throughout the building . The total dilut i on 
is given by the fract i on of exhaust returned multiplied by the ratio of the 
total volume flows through the building and fumehood. SignH1cant re­
ductions in the returned concentrations can be achieved by increasing the 
velocity and temperature of the exhaust relative to the ambient ai r to re­
duce wake entrainment. Note that improvements In the fumehood face veloci­
ty or similar measures will have little impact upon the reentry problem, 
which poses the greatest threat to indoor air quality. In fact, increases 
in fumehood flow may exaggerate the problem by driving the ventilation sys­
tem out of balance . 

Jn buildings that exhibit ventilation system imbalances or where the 
bulld'ing exhausts are in close proximity with Intakes, the reentry problem 
is much more severe. Returned pollutant concentrations can be as high as 
2-300 ppb/gr-mole released/hr and the fraction of air returned can be as 
high as 10- 15% of that exhausted . For such buildings, correction of the 
cause of the enhanced reentry offers the only effective means of improving 
the indoor air quality . Fumehood modifications such as Increasing face ve­
locity will not prove effective. 
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FIGURE I. COMPARISON OF CONTAMINATION LEVELS CLOSE TO THE FUME HOOD 
WITH THOSE IN THE CENTER OF THE SAME ROOM DURING A TYPICAL EXPERIMENT 
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FIGURE 2. DEPICTION OF FLOW STRUCTURE' AROUND A BUILDING 
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FIGURE 3. COMPARISON OF MODEL PREDICTIONS AND OBSERVED CONCENTRATIONS 
IN A TYPICAL BUILDING 
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