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ABSTRACT

In this paper, design guidelines are presented for labora-
tory exhaust fans and stacks based on the contractor s installed
experience in the field.

INTRODUCTION

The lifeline of every laboratory ventilation system is the
exhaust fan. With a working laboratory exhaust fan, removal
of hazardous chemicals and biohazards in the building can be
accomplished even after failure of the supply fan with suffi-
cient infiltration. This paper presents tried and true design
guidelines based on decades of maintenance and operating
experience with hundreds of laboratory buildings.

REDUNDANCY AND RELIABILITY

Although not usually required by local codes, the greatest
degree of reliability would be to place the laboratory exhaust
fans on emergency power. If the exhaust fans are placed on
emergency power, splitting the exhaust capacity into more
fans with lower horsepower would mean a lower in-rush
current as each fan is started.

Greater reliability is achieved by having each exhaust fan
system consist of a minimum of two or more exhaust fans.
This ensures that at least some exhaust capacity will be avail-
able if one fan fails. Maximum safety is achieved with 100%
redundancy but at a large cost penalty. This redundancy would
mean having the same number and size of backup fans as there
were active fans. Sufficient reliability is often achieved by
having N+1 redundancy, but also at a first cost penalty. For
example, two fans operating and one standby would be N+1
redundancy. Four fans operating and one fan standby would

also be N +1 redundancy. N + 1 redundancy allows one of the
active fans to fail and still be completely backed up. However,
two fans failing simultaneously would lead to reduced exhaust
fan system capacity.

If 100% redundancy or N+1 redundancy imposes too
large a first cost penalty, the recommended multiple fans on
each system should be slightly oversized so that as much
capacity is retained in the system as possible when one of the
fans fails. This oversizing will also give some allowance for
future expansion, which is quite common over time in labo-
ratory exhaust systems. Having all fans in continuous opera-
tion avoids keeping bearings lubricated when on backup and
on rotating fans.

If the exhaust fans are equipped with variable-frequency
drives, the service factor of the fan motor can be used to over-
speed the remaining fans after one of the fans has failed.
However, care should be taken not to over-amp beyond the
service factor of the drive, which is usually less than the
service factor of the motor. (Rotation of lead and backup fans
on a weekly basis helps keep fans in working order if the
system is staged for 100% redundancy.)

INDIVIDUAL FAN PER LABORATORY HOOD
VS. MANIFOLDING

The ANSI/AIHA Z9.5 committee (AIHA 1992) reached
a consensus that manifolding fume hood exhausts was safer in
almost every case when compared with one individual fan per
laboratory hood because the manifolded system achieves
greater dilution. An individual fan per fume hood is accept-
able. However, with one fan per fume hood there is no exhaust
if a fan fails and it is more costly to apply heat recovery or vari-
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able-air-volume (VAV) controls. An individual fan per hood is

aiso generally used for hazards requiring special filtration or
decontamination procedures such as perchloric a id and i

radioisotopes.- Perchloric acid and radioisotope hodds are
generally not candidates for heat recovery 05variable-volume
controls.

SELECTING LABORATORY EXHAUST
FAN VOLUMES AND STACK HEIGHT

Necessary measures must be taken to protect the labora-
tory bulldmg and adjacent buildings from toxic fume blow-
back. Somc statc laws mandate a minimum 7 ft (2 13 m)labo-
ratory exhaust stack above the roof. This is pn'nanly intended
to protect maintenange workers from direct contamination
from the top of thé stack. ANSI/AIHA Standard 79.5 (ATHA
1992) calls for a 10 ft (3.05m) laboratory exhau ststack for the
samereason. However, these minimum heights are not enough
by themselves to guarantee that harmful contaminants will not
he blown hack into the building’s outside air intakes.

In addition, Standard ZY.5 recommends that exit veloci-
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The exhaust fans must throw 100 ft (30.5 m) to the edge
of the roof from the center of the roof plus an additional 71 ft
(21.6 m)to clear the recirculation zone. i

The plumeispusheddownward at a five-to-one slope from
the top part of itsthrow. The throw-length of 171 ft (52 m) when
divided by 5 gives 34,2 ft (10,4 m). This is the height of the fan
and stack and the effective stack height or the6w above the fan.
If the fari and stack are 10 ft (3.05 m) high, meeting the mini-
mum requirements of Standard Z9.5 (ATHA 1992), the effec-
tive stack height or throw must be 24.2 ft (7.38 m).

The equation for effective stack height from the
ASHRAE Handbook (ASHRAE 1997) is

Effective stack height, h =
3 X stack diameter x stack exit velocity/1% wind velocity

Assuming a 15 mph (6.7 m/s) wind velocity and a mini-
muin exit velocity of 3,000 ft/min (15.2 m/s), the existing fan

ties should not drop.below 3,000_ft/min (15.24 m/s) or the  gives only.a [4 ft (4.27 m) effective. s‘tackhcight_smving for

minimum exit velocity necessary to throw contaminants away
from the laporatory and surrounding buildings.

Chapter 15 of the 1997 ASHRAE Handbook—F) undamen’
tals (ASHRAE 1997) describes the geometric:méthod.: Thi§
method is most appropriate for use by laboratory building
ventilation designers. When the laboratory bmldmg does not
pass the geometric method of analysis, spcc1ahst consultants
in airflow around buildings should be called in. These
specialty consultants ¢an use wind tunnel modeling or other
computer or calculation methods to ensure that safe dilution
levels have been achieved in the laboratory exhaust before it
impacts any building outside air intakes or anyone’s breathing
zone. :
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that do not have taller buildings, taller trees, or taller hillsin tb_t_a_
area adjacent to the laboratory building. Provided these'condi=_
tions are met, the geonietric method can be applied as follows!

*  Calculate the length of the recuculatlon zone downwmd

of the building. - e b 5 eatn O

!
*  Calculate the effective stack height due to throw and add

it to the fan and stack height. N N i
«  Use a five-to-one downward slope for the stack plume

from the height of the throw and make sure it does not

impact any part of the downwind recirculation zone.

Geometric Stack Sélection Example

A laboratory building is 100 ft wide, 200 ft long, and 60
ft high. The laboratrytxhaust is rnﬁmﬂ)ldedantd‘a A fan”
system. Each fan s 10,000 ¢fro (283 m /m), The two- fan

nation of stack helg'hf volume, and velocny that w111 sat;sfy
the georn,etrua mqthpd VPPN
Thc length of the, remrculan,on mnp 1§ras fqllows Yo

ST

the minimum volume with a 15 mph (6.7 m/s) wind velocity
and a minimum exit veiocirty of 3,000 fumin (i5.2 m/s) gives
aminimum volume of approximately 30,000 cfm (849 m>/m).
The 10,000€fns (283 m*/m) fan will need to be increased by
an additional 20,000 cfm (566 m3/m) to a total of 30,000 cfm
(849 m*/m) in order to satisfy the geometric method. This
additional fan volume can be added Lo the fan atroofllevel with -
unconditioned outside air without upsetting the building pres-
surizativh and air balance._....

Tables 1a ‘through 2b provide addmonal information that
can be used to calculate geometric examples for buildings of

- other size.

CAUTION IN USING EXHAUST FAN PENTHOUSES

Hitchings (1997) and Knutson (1997) have recently
provided field data on the levels of chemical contaminants that
can result from enclosing laboratory exhaust fans in pent-
houses. Hitchings (1997) recommends that laboratory exhaust
fans be placed on the foof outside the buildings so that leakage °
does not pose a health risk to maintenance-workers. Leakage :
was measured Using tricer gas methods similar to ANSY
ASHRAE 110-1995, Method: of Testing Performdnce of Labo-
ratory Fume Hoods. Hltchmgs identified and measured the
leakage sources to be the discharge flex connector, duct,
fittings, fan-housing; ahd fan shaft seal. The largest single’
contributionito the hazard wag¢'the flex connectors that leaked
almost twice ag'nuch'as the next biggest contaminant source. -
For an existing: installation' where moving the txhaust fans
outside the penthouse mighif be &stly; Hitchihgs réconfmends
decreasmg the leakage: sourcei Qan mcr%aggug, tbc ];Jcn_thoqsg;
vertilatioh!F &t K r R AU G -

Knutson (1997) measured leakage m a umversxty chem-
istrysbuilding with' T00 laboratory hoods! Thdividual exhaust
fan stack. helghts'had been intdreaséd:along With’ stack cxlt'
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TABLE 12"

L

Length of Downstream Recirculation Zone (f)’ . e )
Number of Stones " ) o I
2 : (Building Helght) N
Building Width or Length (ft) - = '~
o 1 StoryT , 2 Stories 3 Stories 4 Stories 5 Stories 6 Stories 7 Stories
2u B g (30) (45) (60) @s) 3~ .09 (105),%
50, . 23 355 46.6 531 [ 572 60.7" 639"
75 10F 7 f 11255 40.6 53.3 64.6 | v 75 Uyl & 797 “'83.8
| IR 3 BYAE T B T
100 i |7 R 446 58.6 71 82.5 932 _101.6
150 _ 29.8 51 67 812 | . 943 ©106.5 118.1 .
200 .. 298 | 56.10 73.6 89.3 ~x103.7 F1P1 129.9
250 . 29.8 59.60 79.2 96'1° 1116 | " 1%.1 139.8
300 . 29.8 59.6 84,2 102 185 | 1339 148.5
500 = rt 29.8 506 89.4 119.2 140.3 158.5 175.7
1000 29.8 59.6 89.4 119.2 149 178.8 208.5

e ol
* Formula for table is: length of downstream recirculation zone is Bs*0.67 *BL0.33 where Bs is smaller of height and width or length and BL is the larger of the two (ASHRAE

1997). Where BL is > 8 Bs, use B’ =8Bs.

t Each.story is 15,ft high. = R "
' . + v« . . TABLE 1b
Length of Downstrum Reclrculatlon Zone (m)’ ’
J " - ‘ Number of Stories
Building Width.or Length (m) - (Bmldmg Huet
: 1Story’ .. | - 2Stories 3 Stories - 4 Stories 5 Stories 6 Stories : 7 Stories
(4.57) @.14) . (13.7). (18.3) (23) (27.4) (32)
B 152 6.8 10.8 142 16.2 174 i18.5 19.5
192.9 7.8 “124 | 162 " 19.7 29" | 243 255
30.5 8.6 13.6 17.9 21.6 25.1 28.4 31
457 Z or. 15.6 204+ 24.7 28.7 32.5 "] 1236
61 9.1 atd7.1 224" 272 31.6 35.7 39.6
B 7622 d| o 9 18.2 242 | 203 34 . 384, ) A6
. 914 "’ T 182 . |i 257 31.1 36.1 40.8 45.3
et 1524 el o ). 1839 212 36.3 428 83 | 536
: 4304-!8 ! L e AT L A ) 36.3 454 545 63.6

* Formula for tabl? ;
(ASHRAE 1997). Where BL is > 8 Bs, use BL = 8Bs. - . L
t Each story.is 4.57 m high. ) oot ot
g e !
velqcmes ina rcmodehng prolect Mmgatlon recommenda-
tlonq }ncluded4ncreas1n gpenthoyse general ventilation to 8 air
changes per hoyr, replacing duct with.welded airtight duct,and
replacing . flex. connectors. The,. cloth flex connector was -
replaced witha flexible;molded rubber boot. .-~

CAUTIONS WItH WEATHER CAPS, Goossuﬁcxs“’
AND FLAPPER DAMPERS

e o000 RTINS AR [T [IPF
:,(,'lI'he I 995 ASHRAE Handbook—HVAC - Appllcanons !
strongly recommends ggainst the.use of weathercaps, goose-.!
necks, or flapper dampers. These devices provide rain protec-

T PR
CH-99-7-4

is: length of dov«nsn‘eam recirculation zane is. Bs?0.67 'BL\{*O 33 where Bs is smaller of height and width or length and BL is the ]arger of the two

v
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tion but are'hazardous bec4use they direct thé contaminated
flow down at the roof whbere it as a dan er to mamtenance
workers. S

- e I IR

PLENUM INLET FOR MULTIPLE FANS“« ol

- For reliability* purpoﬁes laboratory exhaust fans should
have two of' mére miiltiple fans on each’' fume hodd manifold. ~
Thése multiplé-fans'should tiave a plenum inlet rathict‘thana’
ducted inlet. This plenum inlet will help ensure that the fans’ b
will bavethe sane inlét ¢onditions sothat they ¢an be balanced

properly.



TABLE 2a:"
Volume Necessary to Achieve Throw off'Edge

of Building and.Recirgulation.Zone" i,

DnstancefromFantoEdge of Remrcu!auon Zone ' Voluxne”

[(0) (ﬁn)
it 75 1267
PetL 100 5068
. 150 20272

200, o | a2z
2500 1 /81088
' "360"' ¥ : 1‘26700

Fark L = T

* Apsume stack s 10 ft high and fan exit; yelocny i$3000-fpm with 15 mph wind
speed. . ,

$on ST
SRS

'TABLE2b
Volume Nécessary toAc hleve Throw off Edge

of Building and Recirculation Zohe'"
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N A
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FANS USING A COMMON STACK

' Miiltiple laboratory exhaust fans that usé the same
common stack have been used. They have the advantage of
increasing the throw ard ‘effective stack height compared to
each individual fan. However, it is difficult to design the piece
that joins the fans into a common stack so all the fans can run
in parallel’” - ¥ ‘

ey 4 PRER e ] A i ' 5
SELF-SUPPORTED FAN STACKS ; v
WITH NO GUY WIRES -

Lab exhaust fan stacks should be self-supported \i;\/'iﬂlout;
guy Wites and rated for 100 mifes pef hour or gredter winds.
Guy wires usualiy will rip the roof membrane if they ate puued

out,"which ¢an alloW water Ieaks into the building.
IR 1

LEVEL INSTALLATION YT

" “Ekhaust fan and mdtor mount must be level to prevent
uneven(belt wear i ! -

NET vh SEG

j‘(‘r 5

DIRECT DRIVE INCREASES RELIABILITY

* Assume stack is 3.05 m high and fanexit velocity is 15.2 m/s with 6.7 m/s wind
speed.

Y
[P

X

PUSH PULLFAN ARRANGEMEN‘TS sy <1

Push»pull fan arrangcmcnts use‘a singlc fan ﬁor cach fume
hood duct, which éxhausts-nto 4 téifimon plenumr sérved by
sr..verai puil” fans: This’ syslem Tds worked sutu.s'sﬂllIy ift
some cases, bpt itis d1fﬁcult t0 appl . In the push pull desigh,
the push fans serve as a booster to redut.e the pressure rcqmre—
ments of, the pull fang The push fans shouldl be kept at.or near
the enttance to the puI} fan plenug)lﬂgare rnust be exermsed not
to ereate too,much turbulence intethe plenum: The static pres-

Distance from Fan to Edge of Reciivulation Zéme™ |~ Volume 4~
(m) m3/s‘
.. 229 Hi 1‘; 10065,
9405 i 2,39
457 ' " 556
& 61 o i 21,5
h %62 - . 382 |
914 " ! g ”'598( B

sure at the outlet from:the push fan mustbe: zero or.slightly .
negative to ensure that barometric damperfs arémnot’blown in.:

the reverse direction and that the pull fans are not overpow-
ered. Such a condition couldcaestrgvthe ‘exhatst fam afﬂéf/()r
burn out the fan motoy due to overload. 5 e, |
ARG, the désignér must 5&"careful ‘thatifére die o
len ths of p posthvely pressunzed duct 111 enther the buﬂdlng,

bﬂ‘f'k mto ﬂle bulldmg AARUD LD T anon on e ting

WITH NQ—FAN BELTS o

q"'\r‘f- the Iahnrafnr\r exhanet fan’e nrlmaru 1nh ic caff-f\r =
increased lellabiluy 18 des1red If a major component of the
exhaust fan breaks or slips, bulldlng occupants s jnay b be endan-
gered.

One major component hable to cause total fa,xlure of the
fan is the fan belt. Standard 7.9.5 calls for belt-operated laho-
ratory exhaust fapgwto be stopped menthly, e belt;guard
removed, and the belt’s tension checked: Thisfrequent.main-
tenance inspection is necessary because of the real danger of
a f4ii belt breaking or stretching and causing fumes to back up
inio the Iaboratory The total lack of flow after fan failure also
causes the laboratory to becori positively pressurlzed dt the
cxa¢t same tithe that the laboratory *hood loscs its ability to
contain. The pbsitive ptessurlzatlon occurs id'the laboratory if
the supply air conlinuds aftér exhaust fan failure. Fumes'¢ah
tHén' igrate readily from 1aboratory to nonlaboratory” spacbs

such as ofﬁces lobbies and cnfetenas 4
A S L

FAILURE MODES

Common causes g
AMCA (19834) "Pubhcauon 202 88 1ne1ude

910

Ll

*  Belt too loose. Adjust for belt stretching aftér 48 hours

of operating. ~ _ ... ...
Belt too tight. =
e Belt worn.
*:;.» Wrong belt:dength or cross éection. vl ra
. Misaligned shéave.:- 1w ? Lol o gm0 et o
Belt oily or dirty. S T I

Belt q;acks due to Don-use (on backup fan) or from

vvvvvv 300 pm

14,000

Some d}rect-gpve labox:atory exhaust fans’ have been
operating, morg than 40,years wlthout stopping. Contmuous

CH-95-7'4



operation for multiple decades is not possible with'belt-driven

fans. Belt-driven fans also have an average energy penalty of
5% to 15 % due to belt fnctlon \
Slmrlarly, reliability i is 1ncreased when the fan motor is,

not in the contammated airsfream.

After belt fallure the next most common fallure mode is

bearing failure. Because laboratory exhausts usual]y operate
continually for multiple yearperiods, bearingreliability needs

to be increased. Fans with 40,008 hout réted bearings gt L:50 .
need to be upgraded to 100,000 or 200,800 hour at L-50 bgar-/

ing lrves y

The use of d1rect dnye ehnpnates two out of four beanngs
requrred by belt-drive fans and increases thc lrfe of the. motor
bearings by as much as five trmes by reducmg rad1a1 loads.
This significantly reduces the chance of failure.

Anisolation/backdraft damper s helpful option. Inica@.
of exhaust fan failure, this.damper prevents reverse flow due
to wind effects backdownintothe laboratory. For mu]trpfe fan
systems, this isolation damper may be a neccssary ingredient
so that fans can be shut dewn when not needed or te,be main-~
tained. On multiple-fan installation, if there is no igelation
damper, the air can be short-circuited through the idle fan with
roof air, prcventmg the fan system from reachmg the desired
level of exhaust' voluni¢ from thé buxldmg "This isolation
damper should not be a gravity danipet'due to ineffective oper-
ation if the beanngs corrode and become stuck in the corrosive
exhaust alfstrcam e |

ELiMINATION OF SPRING ISOLATION : e
AND FLEX CONNECTORS e 4 i :
8N

Spnng isolators can be eliminated, with proper fan selec-
tion. A rule of thumb mrght be 0.5 mll (0.0127 mm) radlal
vibration at the blade pass. A;na] vrbratron shou]d be less than
50%,.of the radia] vibration. Belt;driven. fans require.spring
isolatign to compensate for belt stretching and its assocjated
rockmg motion. The fan should be designed by the manufac- .
turer. iior low vibration levels so as to make spring vibratjop,,
isolation unnecessary. Srmllarly, flex .gonnectors are not
needed when the vibration level of the fan is minimized by the
fan manufacturer. As previously discusséd; ¥l&x, conigictorsd
are a prime source of contammant leakage The average flex
connector may fall w1th1n 1ts first ycar of operat;on causing
frequent maintenance downtlme and risk of exposure to main-

tepance, personnel. ‘

REDUCTION OF SYSTEM EFFECT
AND EXCESS PRESSURE LOSS

AMCA Publication 200 (AMCA-1988b) om “Air
Systems” cautions the users of centrifugal-and :axial fans to
prevent system effects. gy ;

U -Expérience ifidicate} that the range of télerance fHat can

be expected between calculated #hd actual system resfs-
tance can be £30% under good conditions and may

“ exceed-100% in vsomelc&’se&’.‘“’fheﬁtendencyj is' for the
systent tesistance té'be higher thar aritidipated because '

GH-99-7-4

of the system effects thal ar€ not accounted for in the

design. - - etE © o, Bgne,. o

In addition, the flex®bnnedtors used o#‘¢¥ntrifugal fans
can havc, large unanticipated-system effects 1f the material of
the fiex qonneclor is twisted or mdente{i o

Fasn» accessorles need to be=<carefully designed so as to
minimize €xcess pressure loss, Jt may be advisable to have the
fan manufacturer be charged with the single source responsi-
bility to design, test, and provide to the installing contractor
both the fan inlet piece and the fan stack so as to makesure that
these piécés do not cause excessivé system effect when
combined with the laboratory exhaust fan. This responsrbrhty
of de51gn1ng and testing fan accessones . would serve to level
the playing field between fan manufacturers. Fans insensitive
to inlet and outlet conditions could more cost-effectively-be
provided with inlet and outlet accessories. Sensitive fans
would be penalized, and their frug-overall costs noted, by
being forced to provide moxe gxpensive flow straighteners and
other devices to decrease thg“tlota; l?ssesd;‘l&tosysstem effects.

VARIABLE-AJR-VOLUME CONSIDERATIONS

Fof'isti}ity cost savings, variable -air-volume systems are .
increasingly. becoming the norm in laboratories. Substantial
savings -in conditioned air in the laboratory are possible,
provrded thdt the accuracy, reliability, and maintainability of
the VAV controls is sufficient.

The important consideration for variable-air-volume
laboratory exhausts is that exit vélocities should not drop
below 3,000 f/min (15.24 m/s) or the minimum exit velocity
necessary to throw contaminants away from the laboratory
and surrounding buildings. With a single fan, the most
common method is to employ a roof bypass damper. Raw roof
air is admitted to the.inlgt of the fan in an inverse relationship
to the building exhaust. As the building exhaust drops, the
bypassair rises. This bypass damper;is usually controlled by
a static pressure sensor.§% .of the hydraplig. distance down
the exhaust dyctwork. Varjable-frequency drives may also be
uscd as long as the minimum speed does not allow the labo-
ratory exhaust fan 1o drop below 3,000 ft/min (15 4 m!s) or
the minimum exit veiomty necessary o lhrow contaminants
awdy froin thé laBbratory. Another choice on 1argér mani-
folded systems i3 to have three or more fhns and stage thierion
and ‘off to provide the: afpropriate exhaust volumes. The
bypass:damper can‘be wsed 'with multiple-fan systems to vary
the flow. smoothly between staged units. - .. - -_,

et 50 Ein

EXHAUST HEAT RECOVERY .

Exhaust heat recovery fér‘¢ontatninated €xhauists tends to
be a long payback item because of unantjcipated maintenance
costs, and foullng of thc heat cxchangcr surfaces DcsPlte these.
maintenance costs, exhaust heat recovery is garmng in popu-,
lanty Crossover of ‘chémical or blologlcal contaminants
betveen exhaust-anid supply 'must be'prevented. The' d'esrgn
engineer should conduct a maintenance study w1th'1mpacts off’

5



first cost, energy cost, and operating cost to confirm the feasi-
bility of using a recovery system.

SOUND CONSIDERATIONS

The high outlet velocities recommended by Standard
Z79.5 (AIHA 1992) to blast toxic fumes away from the roof can
cause high noise levels. However, unitized iniet and outlet
silencers can be used on laboratory exhaust fans with little
impact on the total system cost. While some engineers have
specified packless silencers due to possible erosion of fiber-
glass, the units have a tendency to be costly and large in size.
Therefore, they should be considered for use only where the
installasion location would be difficult to access for eventual
replacement. Where silencers can be placed before and after
the fan on the roof, the less costly packed silencers with caustic
and weather resistant liners are recommended. Acoustical
louvers on the bypass dampers may also be required. As arule
of thumb, the silencer should approximate the motor cost on
a replacement basis and should be readily accessible for
changeout.

DUCTWORK MATER!ALS AND CONSTRUCTION

The scope of this paper does not allow space to discuss all
the material and construction choices suitable for laboratory
exhaust ductwork. Careful evaluation of the corrosive mate-
rials to be transported, their concentration, and temperature
must be made by the owner and design engineer. The most
commonly found duct material is type-316L stainless steel
with all welded construction. For some chemicals, stainless
steel does not have good resistance. Many designershave used
a galvanized duct coated inside and out with 4 mil (0.102 mm)
of PVC. Ductwork that is concealed in risers or otherwise
inaccessible should have more corrosion resistance because of
the difficulty of replacing it. Where first cost budgets are tight,
ductwork exposed on the roof or easily accessible may be
made of less costly materials because of the ease of replace-
ment. In manifolded systems, because of the large amount of
dilution, some designers have even used galvanized duct with
well-mated flanges for the exposed roof ducts.

CONCLUSIONS

The design guidelines formed from practical experience
for laboratory exhaust fans are as follows:

e Make sure that stack height and effective stack height
combined are sufficient to carry hazardous fumes away
from the building.

*  Place laboratory exhaust fans on the roof outside of any
penthouses.

e If exhaust fans cannot be placed outside penthouses,
increase ventilation. Also, reduce leakage by improving
flex connectors and minimizing leakage from ducts, fit-
tings, and shaft seals.

e Use direct-drive fans, longer-life fan and motor bear-
ings, and low vibration fans.
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