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MEAS{'RED VENTII.ATIO¡T AND INFILÎRAÎION RATES IN
.ßtrGET U.S. GOVERN}rBNT OFFICT BUILDINGS

by

""'r' Rid¡hard A. ôroc ¿. !

Andrew K. Petslly
Preston E, McNaII

Natlonal Bureau of SËandards
I,IashíngEorr, D.Q.
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VentilaÈlon and infiltracion raÈes !ùere measured in ctght office bulldtngs
usJ.ng.an auÈomated tracer-gas measuremenÈ system. Tltg bulldfngc ^range 1ã
siTa from a ÈvÍo-story bulldlng w1Èh a floor: area Of sbout 2000 12 Èo a
.tS-ótòry off lce buildlng. The naximum f loor area 1.t 45¡000 rnz. The

.r,,lVen.tilatÍon rates hrere measured for abouE 100 hourp fn,êach butldtng orier a

\ rr, range of ùeaÈher conditLons. Ttre lnffltratlon racet were measured ãver a
" one-reek pëttfod fn each of the fa11,'winter, and sprlng pertods.

Inf tralton Eests were made both durlng occuþancy atld ,oon-occupancy
The resulcs are presented and'examined for ons wlth È1fre
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The l{easurements of ventllatlon and rnfiltraÈion
Rates ín Eighr Office úutldings

by

Richard A. Grot
Andrew K. Persily
Preston E. McNall

Introduction

Thls paper reports on Èhe measuremenÈs and analsLs of the relativecontrLbutlons of intentional and uni.ntentional ventilatlon to the totalventilation of etght office buildings. Ventilarion of office buildings isan i-nportant issue in relatÍon to energy use and. indoor air quallty.
Instead of relylng on e/eather-induced ínfiltration, as is thé case in mostresidential bul-ldings, offíce bulldings are generally equlpped wlth nechanicalvenEilation systems to meet the space conditionrng rãqui."rå.,t" of theoccupled space and to ensure adequate ventilation with outside atr. Thespeclflc amount of outsíde alr which 1s brought into the building ls afunction of the ouÈside weather and the o""rrp"rr.y requlrements. The totalventllatÍon rate Ís equal to the sum of the intent.ional outside alr intakeand Ehe uncontrolled air leakage through the building envelope. ThevenEilation rates of office buildings were measured, under a varlety ofoutside weather conditions and for a period of about 50 to several hundredhours in each, building. Infiltration v¡as measured over week-long perlodsin the fall, wLnter, and spring wlth the buildings occupied and unoccupled..These ventilation and inflltration raEes *er" 

"rrã1yzeð, 
iox dependence onweaEher conditions. The findlngs presented 1n this paper are baseril onprevlously published material II, Z, 3].

Descriptions of the Bui ldíngs

The elght Federal office bulldings are located in the cities shown in themap ln Figure 1. rn general, these are new buildtngs (less than 5 yearsold) construcEed accordingly to the U.S. Eederal enãrgy guidellnes of lessthan 630 NtJ/n2 per year of on-sire energy, ur,ã 1""" rhan 1200 iirr"o"i="year of off-site energy. The buildfng in FayetÈeville, AR is an excepti-onat 7 years old and buí1t before the en, .gy glta"line for new Federal officebulldings was in effect. Though these u"rrãr"gs tend Èo perforn be¿terthan most existing Federal office buildings, ,rårr" has met the desfgn energyguidelines durlng lts first few years of õccupancy. For Èhe purpose ofthis study rhe buildings l-n Anchorage, AK; spitngfield, MA; Nàrfork, vA;and columbia, sc are considered ro be rarge årti"" mríarnls c""ãi--io,òio,zof occupiable floor area). The Columbia butldlng is 15 stories hlgh,Norfolk 8 stories, Anchorage between2 and.6, depending on the,oaãrá, andspringfleld 5 srories. The buildings in pfttsfiàld, un; Huron, sD; AnnArbor, MI; and Faye¡tevllle, AR are consid.ered as snall office bulldings(less than 10,000 mZ of floor area). These small offlce bulldings range1n helght r.rom 2 Èo 5 stories. schematic diagrams and a photograph ofeach bullding are given .ln figures 2 through õ. All but two oi tt. bulldlngshave varLable volume air hand.lers in rnajor zones of the buildings. They
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are heated by perimeter heatidg qystgns whlch are genèraIly hydro4lc. The,:
bulldtng 1n Coluubià has two periineter heatLng systens. In -Èhe Njrfolk . '

bullding, supplemenÈal heaters and aLr conditLoners have been added to Éh.
air systens on the floors which prgved difflcult to hgat and cool.. They
all have central chilJ.er systems for cooll-ng the core spaces óf'Èhe buildlngs.
The-bulldlirgs in Anchorage and Sprl-ngfiglti have,jundergròund garages.' The
Norfolk buildtng has an e*tertor qarage.' , . 

:

The mechanlsms for controlllng outside air intake.vary,.among. the elght ibuildings. The outslde air lntake i.s kept to a mLnlmum when the bulldings
were being heated and cooled l-n order Èo reduce the space condl-tfonlng
load. Durlng mild weather, outside ali ts used Eo cool the bulldings: '

The amount of ouÈside alr l-ntake and the tÍmes when outside air intake is
lncreased is controlled by a varlety of schemes. An economlzer cçntrol
uses the outsÍde tenperature to deteïnine when outside atr snóúf¿- ¡e' ud'e¿
for cooling. EnÈhalpy conErol uses Lndoor and outdoor hurnldtty levels ln
additlon to temperbture. The amount of outslde á1r lntake for cooling ls
generally deÈermlned, by à contról system which compares'the dlscharge or-
return alr tenperature to sone tänpetature settlngj The cont,rol stratègdes
used ln each bullding are outlfuierd''beloçr; ãlbiíg ùith other lnformation on
mechanical,ey;tems and the zoning of thË, butldings. ,, I

The Anchorage buildiàg i3' dlvlded lnto slx nodúles, each with' lts own
ventilatÍon sysÈeh, whlch;'ãre connected by an open--loÉty/atrlum ánd can L. ,

interconrmunicâte freely'. )'Anchorage is the only buildtng without reÈurn
fans. -The mèchanlcalrsystems are controlled by the computer ând. use a
minimum amourit of ouÈside airjdurlng the heatiig -season. 

,Durtng warmer
weaÈher, óutside a1r is used to cool the bulldinÈ, with Ehe outbide alr
intake level deter'lned,PI the strpplyralr témperature.

In Ann Arbor, thë,buiJ-dinf's uain mèchanical sysÈem serves most of the
bullding wlth separate systems for the lobby and post offlce. The outside
air lntake control is based on the outside air tenperature (an economizer),
and the anount of outslde alr lntake is conErolled by the return air
temperaÈure. r, ,i

The Columbia building has a single mechanlcal system for floors 2 Èhrough 15
and separate syòtèn'd for thej'lobby'anà' the fLrst flbor/basement zones. The
'mechanical'dysLem'tb ð'ontroLled by a c'ònputer and. Lses ah enthalpy controller
' to determine;ouc'bl-de ã1t: intake lêvelò.

The,re are two- fan sysEeäis on each of the five tioårs'of the Fayettãvtlle
building wiÈh an addltional syst,ern for the cóurtroom on Ëhe flfth"floor.
The outside air intâke l-s:controlled nanually by Èhe bullding operai,or.,' .1,

The lluron building has two mechånical systems, one for the north zone and, '

another for Èhe south zoireì. On each floor, the north'and south zones
conrnufilcate wlth each other.'.
contrbl. '.r :

The outbtde alr lndake 1s based on enÈhalpy
Il

The buildíng ln Norfolk has one mechanfcal dlstem for mosd of the butidtng,
and a second smaller system for the lobby area. The naLn IIVAC system uses
enthalpy control to regulate Èhe outslde air intake.

-.r
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The Pittsfleld bulldlng has a- separate fan
The outsidê. tenperature l-s used'Èo determf
ro cool thé:-bullding.

each for the
e alr darnpers are
55"F). This
ouËside alr 1s

not used Èo condition the butldlng unless che outslde temperatute-ls below the
supply air temperature set.tlng. .,' , - ' 

,

Table 1 su¡marizes the ventllatfo.r'typ." used in the'buíldings.

MeasutenédË Té ue Instrumentation

Test Procedures

o Ventilation

syp-tem for each of lÈs Èwo floors.
ne wheEher outside alr can be used

There are Lhrcie fan syster" 1l'ihe Sprlngfleld birtfdfng, one
north. zotè, Èhe south zorLe, afid the lobby/açriurn. The'outsfd
adjusted to malntain a supply alr temperature of aþout 13"C (
supply alr set,tlng ls varied somewhat"ðurl-ng the-year.. Thus,

The ventllation rates of the eight buildings r{rere measured wLth an auÈomated
as decay technlque with sulfur hexa-
1s qystern, designed aE the Natlonal
aS11.re atr infllÈratfo-n ln a varl_ety of

_ for.,periods of several ¡¡eeks (1).
The measurement system consists of a gàs chromatograph equlpped wlÈh an electron
capture detector for measuring the SF6 concentraç1ons,.L! samples automati.cally
from up to ten lgcatións and injects tracer gas f.nto flve [ocatl-ons. The
tracer-gas injeètion and air sanpllng ls conirolled by a microcomputer lrhich
also analyzes Çhe data as [t ls collected and stores the-,tnfornation on floppy
disks. Th"è accuracy of thé tracer-gas nesurenents is prtrnarily a.funcElon ói-
the mixing of the çracer and the lndoor air. AfÈer thå gas ts inJected, a
waltlng perlod of about-15 minutes allows the mixl¡rg of þF tracer by the
ventilation fans before the concentration measuremenÈs begLn. The accuracy
of ventllation meapurements is wlthln abguÈ 0.1 exchanges,per hour.

sF5'was injected inlq,Çþel fan tnlèès of 
.buridrng,.supply 

pucrs ar 3-hour .

lntervals, and the liubsèqùänt decay 1n tracer-g?é; conc,entratf-oo,rsas,.monftored
in the building every 10 rniáutes f or 1/2 hour. - f"táriór and exterl_,or temper-
atures, along wlth wind speed and direction, were also measured durlng the
tr4cer-gas decay periodi , All, the' ventilatlon measurements presented below
were made while the bulldíngs were occupled and thç mechanLcal systems operated
norrnally. The sanple locations for qach bulldlng are shown in Flgures 2 through
9. All of the bulldings were tested in the fall of L982, and Èhe winter and
sprlng of- 1983.' In addLtion, the buildings ln lluro¡r, Norfolk, and Colurubia
rtere tested fn the sum¡n-er of 1983. These measurements, under nonnal occupled
conditions r. iriðlude the uncontrolled t4ffltraÈion. rn other words, the
decay rat,es of the SF6 concentratÍon measure the total exchange raËes Ln:
t.he zones. There ltas no sl-mple nethod for measurlng the supply a1r raÈe
to each zone through the mechanlcal ventllatlon systerns. 

:
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o Infl-ltratl-on

The alr inftltration under natural con
SF6 system and'sanple locatLons. Thes
alr intake and exhaust dampers closed.
durl-ng unoccupied cond'ltlons were, done
to keep rthe lntertor alr well níxed.'
addltl'onal air lriftftratlonldue to pre
É-he leaks in the envelope (<j.g., rutur
Thus, the measured tnfllÈraElon rates
unoccupled periods when the fans are
dlfference ls ftnportant and should be
measurerenLs are made. This effect wl-
future. The fan-off lnfiltraÈlon can
hrith fadê opêratlng and sanpllng the
of at least 20 mlnuEes. The fans wou
ml-nutes and turned on agaln for the s

then be repeated to establish a tracer gas decay rate with the fans off.

Results ãnd Discusslon

The monthly avera$e ventllation rates for these butldi¡rss are tabulated in
Table 2. The ventllatLon trênds are shown ln Flgure tb for varlous outslde
ternperaÈures' for mos:t of the buildíngs. Tablés 3 ro 10 ";;pr;; rhe venrilarlon
anä tr,filtrat'ion rates for each buildtng for various outdoor-i"*p.rrtures.
They glve the average ventllation al-r exchange raÈeÈ for various temperaturebins. Infiltration rates for wlnd speed less than 2.5 l"l/S and for wind
speeds greater than 2.5 M/S are tabulated. The lnfiltraEion r"a"". .r.graphically shown l-n Flgure 11 as a functl-on of outdoor Èemperatures for
some of Èhe buildings when the wind velocity was less than 2.5 M/s. Flgure
12 shows similar data for three bulldings when the wind velocLties weregreater than 2.5 M/S

A study of the data ln Figure 10 and T
patterns ln the ventllatlon rates ln t
Iluron shows llttle change 1n the ventl
over all temperature bins with the pos
raises for the temperature bln 10 to 2

shows this raise in ventilatlon in nil
Norfork and Ann Arbor have low ventlla
outdoor temperatures with increaslng v
bln 10 to 20"C. Thts Íncrease nay be
the buildings. The bullding in Spring
rate in the Eemperature blns down 10 t
as the tenperature decreases. Ihis 1s
lnflltration as the tenperature decrea
and 12). These t,rends ln the data are
in Figure 10. The doÈted 1lnes lndicate the average ventLlatlon rates in'
each Èemperature range. ^. :
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The al-r inffltration rates for mosE of Ehe bul-ldfngs are shown in Flgures 11
and L2. In general, though there ls Cijnslderable varlatlon fn Èhe dãta, 1t
can be seen that lower outdoor temperatures, produce higher alr inffltratl_on
rates and hfgher wlnd speeds produce hfgher ät. ttttltiatton rates. Fltting
a regress{on I1ne to :,he data ln Flguree 11 and 12 produce the fbllowfng

relationshlps betweên¡ the temperature air lnft

f,lLnd Speed Less than 2 .5 M/S

Norfolk:

I = 0.59 - 0.0072Tour

Sprlngfield:

.f =0.58-0.0192%ur

Ann Arbor:

, f=0.70-0.0056Tour

Huron: 1

r2 = 0.38

12 = O.2o

r2 = 0.03

f = 0.20 - 0.0058 Tout r2 = 0.03

llind Speed Greater than 2.5 M/S

Norfolk:

I = 0.64 - 0.0085 Tour

Ann Arbor'

. I=0.80-0.0115Tour

IIuron:

f = 0.24 - 0,0021 T;,r.

I = lnflltratlon rate, change/hr,

Tout = outslde temperaturer.and '

,2 = ,"gresslon coefficlent.

t-

2r

,2

,2

- 0.60

= 0.15

= 0.07'

where:
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Sumuary and Conclusion

Ventllatfon r+tes were rneasured under occupied condl-tions ln jÊlght office
bulldtngs, añ4. lnftlÈratlon..ratep, were measured under'both,.occupLed. and
unoccupfed perlods. The unconËrolled inftltratlon portlon of the total
ventllatlon rates varled frqm about one-half to nearly all,of the ventl-
la¡lon rate for the buildings, except when addlti'onal outdoor alr was used
during n1ld. weather perfods. , ThLs ls a gurprtslngly htgh.fractlon of
inffltratlon, especlally sfnce these are nearly all .ner/er. bul-ldings and
presuned to be Eighter than those built earll-er. The toËal ventilatiqn
raÈes varied beÈween 0.3 and.0.7 aÍr changes per hour (ectr).-,- These appear
to te reasonabfe values foi-,ruo-Çern office buiidings. If Èhese.bulldlngs
had been cdnsEructed so that'no infiltraÈl-on.9ccurred, the ventl-lat1on
rated at ìlesign conáitlons would probably have been much too low accordfng
to ASHRAE Standard 62:L9BL. í

It was found that for hot and cold outstde áir temperatures, Èhe buildings
are operated at mlnimum ventilatlon levels Èo reduce space condltloning
loads as lntended. At nild temperatures, outslde afr 1s-.,used to cool the.
buildtngs and the ventilat.ion rates íncreases sfgnlffcant'ly. The minimum
ventllatlon rates show llttle deipendence on t.emperat.ure -d.ffference in moçt
of the buildtngs, bþ,t some of the bulldtngs exþ1blt a flependence on wind.
speed. 'Wher, ventllàtion does vary wlth weather iondi-ti.ons, thls in,plles
that uncontrolled air leakage or weather-induced'. iriflltratlon is a signlflcant,
portion of the Lotal ventl-laÈlon rate. In most of the bplldlngs, the summer
summer and winter mlnimum ventilation rates are sLn1lar, but ln some bulldlngs
there is a notable difference beEween the two ninlmum ventflatlon rates?
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Table 1 Ventllatlon Types Used ln the Test Bulldings

Locatlon

Anchorage, AK

Ann Arbor, MI

Columbla, SC

FayettevÍlle, AR

Huron, SD

Norfolk, VA
{'

PiÈEs.field, M

Sprlngfield, MA

Nunber of
StorLes

Occupfable Floor
¡,rea (n2)

Ventilatlon'
Type i"

vAv

vAv*

vAVtì' ,'\Ì

cv

vAv*

VAV*

cv

vAv*

,')

6

4

48,47O

5,270

2L,600

3 ,660

6,910

18,570

1,860

14 ,560

16

5

4

8

2

,5

t-r

VAV - Varlable Volume
. CV - Constant Voiürne

.1(

*Lobbles have constant volume alr handlers.
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Table 2 Monthly Average VentllaÈfon RaÈes (Ln exchange/hr)

Month

January
February
l,larch
Aprll ' ,''

May '

June
July
August
September
October
Novenber
Decenber

January
February
March
Aprl1
May
June
July
August
September
October
November
December

Anchoragel

' '0.46 ' '''
0.46
0.46
0.7 5
1.10
L.22
L.22
L.22
L.22
o.7 5
0.46
0.46

Ann Arbor2 Columbla
'l: - ', t i ..--f' . r i .. rr

o .47 , ,' 0.64'
O.47 1. 09

j., ¡ .9.47 . 1.09
-.1.96 '1.10
I.g4 0.69
0.94 0.6g
0.50 0.68
0.50 0.68
L.94 0.68
L.96 t.lo
0.86 1.09
0.47 0.64

FàyettevLl1e3

0.32
o.32
0.35
0.35
0.65
0.36
0.36
0.
0.
0.
0.
0.

36
36
35
35
32

¿:,

Huron Norfolk Pittsfleld Springfleld4
o.26
o.26
0.32
0. 14
o.52
0.53
0.16
0.53
0.52
0.13
0.32
0.26

0.70
0.70
1.05
1.00
0.75

.58

.58

.58

.75

.05

.70

1.00
1.qo
0.95
0.7 6,
o.62
0.59
0.59
0.59
0.62
o.7 6
0.96
1.00

0
0
0
0
1
I
0

00

0.40
0.40
0.39
o.67
L.25
0.50
0. sq
1.lg
I.'25
o.67
0.84
0.40

Horner, AK.
eratures fron Flint and Detrolt, MI.Ft. Smith, AR.
Ilartford, CT.
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Temperature
Bln

('.ì ''r

(-20 < -10)

(-ro '< 0)

( o < 
,1Q.)

(10 < 20)

(20 < 30)

TemperaËure
Bln

( "c)

(-20 < -1q)

(-ro < 0)

( o< 10)

(ro< 20)

(zo< 30)

'Ventllatlon
" Occupled

(X/IIR)

0.33

o.44

1. 15

L.29

' VentilatLon
0ccupled

(X/HR)

,íj

Inf l-ltratl-on
(wrn¿ < 2.5 M/s) " '' (wtnd > 2.5 M/s)

r .il.r. . (x/HR) ' , :r', (x/nn)

0.27 ,0.31

0.33 0.25

(i

Table 3 Average Alr Exchange Rates' ln Varlous Temperature Blns
Durlng Occupied Periods and Unoccupl-ed Perlods l^llth Danpers
Closed -- Anchorage, AK

o.24

o.27

0.36

0.44

0.41

0.36

0 .49

îì

;'\ {lt.'
Inflltratlon

(wrnd < 2.5 rq/s) . (r¡rn¿ > 2.5 M/S)

(X/IIR) (X/IIR)

Table 4
"','l

Average^ ALr Exchange Rat
rì:

es l-n Varlous Temperature Blns
't,

and Unoccupled Perlods l,Ilth

0.62

0.54

1.69

During Occupf-ed Perl.ods
Dampers Closed -- Colunbia, SC'



Temperature
Bln . ..

('c) .., , ,...

(-20 <. -10);

(-ro < oJ

( o< 10)

(ro< 20)

(zo< 30)

Table 5

Temperature
Bín

( cc)

(-20 < -10)

(-ro < 0)

( o< 10)

(ro< 20)

(zo< 30)

Table 6

Ventllatlon
0ccupled

(x/rlR)

0.33

0.44

1. 15

L.29

Ventl-lation
Occupled

(x/nn)

L.02

0.93

0. 6B

0.58

-s2-

Infiltra
(wtn¿ < z.s rr/s)

'_ (x/HR)

0.27

0.33

0.24

o.27

tlon
(wrn¿ > 2.s M/s)

0.63

Average Alr Exchange Rates in Varlous Temperature BinsDuring occupfed perlods and unoccupfed perlods lJr.thDampers Closed -- Norfolk,, VA ; ' ------"r"

InflltraEion
(wrn¿ < 2.5 M/s) (wrn¿ > 2.5 M/s)

'

(x/nn) (x/HR)

0.62

o.52

0.36

0.78

o.77

Average Air Exchange Rates ln varlous Temperature BlnsDurlng occupled perl0ds and unoccupr.ed perlods üIfthDanpers Closed --'ispring}fet¿,.MA ' - -:----- '
-ia. ,.. :,_ , ',i F . :'. i , î. ,:. " -
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Temperature
BLn

('c) ,..

(-20 < -10)

(-ro < 0)

( o< 
+o)

(ro< 20)

(zo< 30)

Table 7

Temperature
Bin

VentllatLon
0ccupfed'

!

(x/un)

0.74

0.92

0. s9

Ventilation
Oc.cupied r" '

(x/un)

o.29

0.26

0.25

o.23,

0.67

InflltraBton
(wrn¿ < 2.5 M/S) I :(wtn¿ > 2.5 M/S)

(x/nn)

0.25

0.30

0.29

0.4s

(x/HR)

0.27

0.34

Average Air Exchange Rates ln Varlous Tehperature Bins
Durting:0'ccupled perlods, and Unóccupled Bertods Wlth

''Eampers Ólosed -- ptttsfLeld.,,MA i

( "c)

(-20 < -10)

(-ro < 0)

( o< r0)

( rO < zot)

(20< 30)

Inf l_ltrat1on i
(wtn¿ < 2.5 rr/s) (wrn¿ > 2.5 M/s)

(x/nR) (x/rrR)

0.27 0.26

0.24 . 0.26

o'1u o'18

o.L2

Table B Average A1_r Exchange Rates in Varfous Temperature Blns
Durlng occúpied perlods and unoccupied pertods wtttr
Dampers Closed -- Iluron, . SD ¡; . . 

:



Temperature
Bfn;

('c) :: ' )

(-20 < -10)

(-ro < 0)

( o< 10)

(ro< 2Ð'

(zo< 30)

Table 9

Temperature
Bin

( "c)

(-20 < -10)

(-ro < 0)

( o< 10)

(ro< 20)

(zo< 30)

Ventllatlon'
'Occupled

(x/nn)

0.31

0.36

0.66

VenÈ;l1atlon
Occupfed

(x/un)

0.60

0.64

L.92

0.43

'Inflltratlon, -j
(wrna < 2.5 M/s) (wrn¿ > 2.5 M/s)

(x/HR)

54

0.43

0.31

0.30

0.28 0.7L

Temp.eratur,e Bins
'Perlods I{fth

Infiltration
(wrna < 2.5 M/s) (wrn¿ > 2.5 M/s)

(x/HR) (x/nR)

Average Alr Exchangä nateð Ln Various
Duting Occupfed,peribds and Unoccupied
Dampers Closed -- FayetEevllle, AR

0.38

0.30

o.7g

0 .81

o.62

o.s7

0. 70

0.56

0.46

Table 10 Average'Alr Exchange Rate rn various Temperature Br.nsÐurfng'occupled perfods. and unoccupled .påii.ã"-wr.i""
Dampers Cloeed Ann Arbor, MI
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