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ABSTRACT: Air infiltration and ventilation rate measurements were made during all

su"sont of the year in eight federal office
system designed at the National Bureau of
were i¡:catèd in Anchotage, ..dlaska; Ann
Fayetteville, Arkansâs; Huron. Soutå Eakota;
set{s; and Springfield, Massachusetts. These buildin-gs langed in size from 1730 m2

(tg 600 ttl fì. tte U,ril¿ing in Pittsfield to 45 500 m2 (490 000 ft2) for the dnchoragd

iederal building. All weie iónstructeÇ within the last 10 years. Air ir:filttation rates were

found to varv fiom 0.2 to 0.7 air changes per hour and constituted from 23To to 61% of

The building design load. Minimum vent'ilation rates in ihe'tighrer buildings werè found to

be leds than what would be'reeommended'fot occupied officeS'
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The air infiltration and vëntilation rates of the eight federal office buildings
were tested using tracer gas techniques [/ ]. The measurement ernployed the

tracer gas decay method using sülfut hexafluoride (SFo) as the tracer. This

te3t was designed to produce a ñëasure of the total air infiltration rate of eaeh

buitding 
".rd 

th. tates of the majot zoiies of the building. Samfle anó injec-

tion tubihg was installed in each zone along with wiríirg formeasuling interior

terñperatures, the status of the building's heating, ventilating, and air- condi-

tioning (HVAC) fans; and exterior weather conditions (wind speed, wind di-

rection, and exterior temperature). The automatic air infiltration system pre-

viously designed by the National Bureau of Standards (NBS) for large

rGroup leader and mechanical engìneer, resPeclively, Center for Building Technology, Na-

tional Bure¿u of Stetrdards, Gaithersurg, MD 20899'
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152 MEASURED AtR LEAKAGE oF BUtLDtNGS

buildings was installed in each building for a period of about a week during
the fall, winter, and spring (three automated air infiltration systems were
used on this project). Tests were performed both during periods of occupancy
and nonoccupancy, with the outside air intake dampers operated normally
and closed, respectively. Tracer gas measurements were made for a total of
about 200 h in each building.

Building Descriptions

The eight federal office buildings are located in the cities shown in the map
in Fig. 1, and their floor areas and volumes are given in Table 1. In general

Pittsfield
Springf ield

Norf olk

a
Columbia

FIG. 1-¿ocation oJ'the eight federal offíce buildings

TABLE l- Building dimensions

Location
Occupiable Floor

Area. m2

Volume,
mJ

Anchorage
Ann Arbor
Columbia
Fayetteville
Huron
Norfolk
Pittsfield
Spring{ield

45 500
4 900

24 700
3 400
6 420

17 300
I 730

13 500

174 000
31 700

159 000
21 300
27 500
60 300
8 520

57 700

Anchorage

uron
O Ann Arbor

Fayetteville
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these are nev/ buildings2 (less than 3 years old) constructed to the U.S. federal

energy guidelines of less than 630 MJ/mt p.t year of on-site energy and less
' than 1200 }l/¡J/m2 per year of off-site energy. The building in Fayetleville,

Arkansas is 7 years old and was built before the energy guidelines for new

federal office buildings u/ere in effect. Though these buildings tend to per-

form better than most existing federal office buildings, none has met the en-

ergy guidelines during its first few years of occupancy.
The office buildings in Anchorage, Alaska; Springfield, Massachusetts;

Norfolk, Virginia; and Columbia, South Carolina had occupiable floor areas

over 10 000 m2 with varying heights. The Columbia building is 15 stories

high, the Norfolk building 8 stories, the Anchorage building between 2 and 6

depending on the module, and the Springfield building 5 stories. The build-
ings in Pittsfield, Massachusetts; Huron, South Dakota; Ann Arbor, Michi-
gan; and Fayetteville, Arkansas had less then 10 000 m2 occupiable floor
area. These small office buildings range in height from two to five stories.

Schematic diagrams and a photograph of all buildings are given in Figs. 2

through 9.
The mechanisms for controlling outside air intake vary among the eight

buildings. In most buildings, outside air intake is kept to a minimum when

the building is being heated or cooled in order to reduce the space condition-

ing load. During mild weather, outside air often is used to cool the building.
The amount of outside air intake, and the times when outside air intake is

increased, are controlled by a variety of schemes. An economizer control uses

the outside temperature to determine when outside air should be used for
cooling. Enthalpy control uses indoor and outdoor humidity levels in addition
to temperature. The amount of outside air intake for cooling generally is de-

termined by a control system which compares the discharge or return air tem-

perature to some temperature setting. The control strategies used in each

building are outlined in following paragraphs, along with other information
on mechanical systems und th. zoning of the buildings.

All but two of the buildings have variable volume air handlers in the major

zones of the buildings. They are heated by perimeter heating systems which

are generally hydronic. In the Norfolk building, heaters and air conditioners

have been added to the air system on floors which proved difficult to heat and

cool. They all have central chiller systems for cooling and for the core spaces

of the buildings. The buildings in Anchorage and Springfield have under-

ground garages.
The Anchorage building is divided into six modules (each with its own ven-

tilation system) which are connected by an open lobby/atrium and communi-

cate freely. Anchorage is the only building without return fans. The mechani-

cal systems are computer-controlled and usé a minimum of outside air during

the heating season. During warmer weather, outside air is used to cool the

2A more complete description of these buildings can be found in Ref 2.
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COLUUEIA FEDEßAT BUITDITG
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COLUMBIA FEDERAL BUIIDII{G

Schematic of Overhead View

Tower

1 5 Floors

Tunnel

l{orth

FIG.4-Schentutic diagrum and photograph oJ- Federal buitding in Coluntbia' SC

building, with the outside air intake level determined by the supply air tem-

perature.
In Ann Arbor, the building's main mechanical system serves most of the

building with separate systems for the lobby and post office. The outside air

intake is based on the outside air temperature (an economizer), and the

amount of outside air intake is controlled by the retutn air temperature.

columbia has a single mechanical system for Floors 2 through 16 and sepa-

rate systems for the loËby and the first floor/basement zones' Themechanical

system is controlled by a computer and uses an enthalpy controller to deter-

mine outside air intake levels.

There are two fan systems on each of the five floors of the Fayetteville build-

ing with an additionai system for the courtroom on the fifth floor' The outside

air intake is controlled manually by the building operator'

Courtroom

2 Floors



GROT AND PERSILY ON OFFICE BUILDINGS 157

t{ORFOTK FEOERAL BUI[OING
Schematic of North Elevation
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FIG. 5-Schematic diagram and photograph ol Federal building in Norfolk, VA
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HURON FEDERAL BUIIDING
Schematic of Overhead View
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FIG. 8-.tchematic diagram and photograph of Federal building in Ann Arbor, MI
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The Huron building has two mechanical systems, one for the north zone
. and another for the south zone. On each floor, the north and south zones are
open to each other. The outside air intake is based on enthalpy control.

Norfolk has one mechanical system for most of the building, and a smaller
system for the lobby area. The main HVAC system uses enthalpy control to
regulate the outside air intake.

The Pittsfield building has a separate fan system for each of its two floors.
The outside temperature is used to determine whether outside air can be used
to cool the building.

There are three fan systems in the Springfield building, one each for the
north zone, the south zone, and the lobby/atrium. The outside air dampers
are adjusted to maintain a supply air temperature of about 13oC (55'F) dur-
ing the entire year. Thus, outside air is used to condition the building unless
the outside temperature is below the supply air temperature setting.

Method of Measurement

The air infiltration and ventilation rates of the eight office buildings were
measured with an automated tracer-gas system employing the tracer-gas de-
cay technique with SF6 as the tracer l2-a). This system, designed at the Na-
tional Bureau of Standards, has been used to measure air infiltration and
ventilation in a variety of buildings and can be operated unattended for pe-
riods of several weeks. The measurement system consists of a gas chromato-
graph equipped with an electron capture detector for measuring SF6 concen-
trations. It samples automatically from up to ten locations and injects tracer
gas into five. The tracer-gas injection and air sampling is controlled by a mi-
crocomputer which also analyzes the data as it is collected and stores the in-
formation on floppy disks. SFo was injected into the fan inlets of the building
supply ducts at 3-h intervals and the subsequent decay in tracer-gas concen-
tration at each location was monitored every 10 min for the next 3 hours.
Interior and exterior temperatures, along with wind speed and direction, also
were measured during the tracer-gas decay period. The plans of each building
were studied and the building was divided in zones for the injection of tracer
gas, and locations for sampling the tracer-gas concentrations were selected.
The sample locations for these tests are shown in the building schematics in
Figs. 2 through 8. The ventilation measurements were made when the build-
ings were occupied and operated normally. The air infiltration measurements
were made during periods when the building was not occupied, an{lhe build-
ing was operated with the dampers closed and the air handlers running in
order to keep the tracer well mixed.

Results of the Air Infiltration Tests

. The summary of 
.the 

tracer.gas test results in Table 2 show average infiltra-
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TABLE 2-Average" air inJ'íltration rates on
each Jederal building.

Location
Changes
per Hour

Percent of Design
Heat Load

Anchorage
Ann Arbor
Columbia
Fayetteville
Huron
Norfolk
Pitrsfield
Springfield

0.28
0.70
0.40
0.33
0.20
0,52
0.32
0,52

55
48
52
23
30
52
30
6l

uAverage excluding extreme wind speeds

These resultsr indicate that the buildings in Huron and Anchorage are experi-

encing relatively low natural leakage rates. The buildings with the highest

natural rates are Ann Arbor, Norfolk, and Springfield. By using the results of

these tests, it is possible to estimate the contribution of air infiltration to the

design load of the buildings. These estimates also are included in Table 2. As

can be seen, air infiltration contributes from 23 to 6lTo of the building heat

load.
As mentioned earlier, tracer gas concentrations were measured in several

locations in each building, and, in general, good mixing was achieved in all

the buildings. There are, however, some specific zones which exhibit high air

exchange rates compared to the rest of the building-the lobby in
Springfield, the first floor in Norfolk, and the lobby in Columbia. Similarly

high rates also are.seen in the first floor in Fayetteville and the lobbv and post

office in Ann Arbor. The lobbies generally exhibit larger exchange rates due

to the exterior doors in these zones. The post office in Ann Arbor has large

leaky doors for loading and unloading mail.

The air infiltration rates for each building are plotted against the inside-

outside temperature difference AZ in Fig. 10. Among the eight buildings

there are varying degrees of dependence of infiltration on temperature differ-

ence. The most noticeable dependence occurs in the cases of Ann Arbor, Hu-

ron, Norfolk, and Springfield. These buildings, with the exception of Huron,

are also the leakiest. The lines shown in Fig. 10 are based on linear regres-

sions of infiltration against temperature difference for positive values.of AT.

The equations of these lines are given by:

Anchorage:
Ann Arbor:
Columbia:

I : 0.16 + 0.003 AT
I : 0.44 + 0.011 AT
I : 0.33 + 0.005 A?

R2 - 0.18; standard error - 0.07

R2 - 0.35; standard error : 0.11

R2 - 0.05; standard error : 0.12
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ANCHORAGE: UNOCCUPIED INFILTRATION RATE VS
TEMPERATURE DIFFERENCE
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PITTSFTELD: UNOCCUPTED INFILTRAT|ON RATE VS
TEMPERATURE DIFFERENCE
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Some of the buildings' infiltration rates also exhibited a dependence onwind speed a ' Figure 11 shows several plots of infiltration against u, withregression lines drawn in. The equation, òf th... lines are given by the follow-ing:

Ann Arbor AZ from 20 to 25"C:
-I : 0.40 + 0.713 u

Fayetteville AZ from 0 to 5oC:
I - -0.77 * 0.228 u

Huron AZ from 20 to 25oC:
I : 0.23 * 0.010 ¡¿
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UNOCCUPIED INFILTRATION RATE VS. WIND SPEED
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Tables 3 through 10 give mean measured infiltration rates for each build-
ing within various ranges of temperature difference. Means are given for wind
speeds less than and greater than 2.0 m/s.

In order to assess the accuracy of more complicated models for explaining
the dependence of the measured air infiltration rates on the weather, the fol-
lowing six models were fitted to the data:

Model l; I : QGu + b AT * c u AT)
Model 2: I : QØ u2 + B LT + c u2 A,T)

Modet 3: I : eG u * å nZ¡o.s

Model 4: I : Qfu u2 -l å t 7¡o.s

Model 5: .I : Q(o, + b AZ)o.os

Model 6: I : eØ u2 * AT;o.os

where Q is the induced air exchange rate at25 Pa obtained from the pressur-

ization test on the buildings [5] (see following article in these proceedings).

The results of these fits to the data are given in Tables 11 to 16. The R2

given in these tables is the uncorrecterl R2. The numbers in parentheses are

the standard errors of the coefficients. Model 1 explains the variance in the

data best for most of the buildings. The analysis of the explained variance of

Model 1 is given in Table 17. Most of the variance in air infiltration is attrib-
uted to variance in the wind speed for these buildings.

TABLE 3-Average air exchange rates in various temperature difference
bins during unoccupied periods with dampers closed, Anchorage' AK.

Temperature
Difference

Bin,.lC
Wind < 2.0 m/s,

x/h
Wind > 2.0 m/s.

x/h

0,l0
10,20
20,30
30,40

0.19
0.20
0.38
0.25

0.23
0.24
0.31

TABLE 4-Average air exchange rates in various temperature difference
bins during unoccupied period with dampers closed, Columbia, SC.

Temperature
Difference

Bin, oC
Wind < 2.0 m/s,

x/h
Wind > 2.0 m/s,

x/h

0.40
0.33
0.38
0.51

0.40
0.37
0.41
0.34

-10 < 0

0<10
10<20
20<30
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TABLE 5-Average aír exchange rates in various temperature difference

bins during unoccupied periods whh dampers closed, Norfolk. vA.

Temperature
Difference

Bin, oC
Wind < 2.0 m/s,

x/h
Wind > 2.0 m/s,

x/h

-20 < -10
-10 < 0

0< 10

10< 20

0.56
0.56
0.50
0.49

0.55
0.50
0.54

TABLE 6-Average air exchange rotes in various temperature diy'erettce

bins during urtoccupied. periods w,ith dantpers closed, springl'ield, MA.

Temperature
Difference

Bin, oC
Wind < 2.0 m/s

x/h
Wind > 2.0 m/s.

x/h

-10 < 0

0<10
10<20
20<30

0

0
0

0

38
44
43
55

0.35

0
0

56
53

TABLE 7-Average air exchange rates in various temperature diJference

bins during unoccupied períods with dampers closed, Pittsfield. MA-

Temperature
Difference

Bin, oC
Wind < 2.0 m/s,

x/h
Wind > 2.0 m/s

x/h

-10 < 0

0<10
10<20
20<30

0.25
0.29
0.36
0.26

0.3'7
0.31

TABLE 8-Average air exchange rates in varíous temperature difference

bins d.uring unoccupied periods with dampers closed, Huron. sD.

Temperature
Difference

Bin, oC
Wind ( 2.0 m/s,

x/h
Wind > 2.0 m/s,

x/h

0.14
0.11
0.26
0.26

0.13
0. r0
0.23
0.26
0.26

0<10
10<20
20<30
30<40
40<50
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TABLE 9-Average air exchange rates in various temperature d.ifference
bins during unoccupied periods with dampers closed, Fayetteville, AR.

l
Temperature

Difference
Bin, oC

Wind < 2.0 m/s,
x/h

Wind > 2.0 m/s,
x/h

-10 <0<
10<
20<

0
l0
20
30

0.28
0.29
0.39

0.37
0.50
0.35
0.35

TABLE l0-Average air exchange rates in various temperature d.ifference
bins during unoccupíed periods u,ith dampers closed. Ann Arbor, ML

Temperature
Difference

Bin, oC
Wind < 2.0 m/s,

x/h
Wind > 2.0 m/s.

x/h

0<10
10<20
20<30

0.53
0.59
0.61

0.52
0.64
0.73

TABLE ll-Results of Jitting model I to the measured air infiltration darc.

Location
No. of
Points

Model 1

I:Q(aui-bATlcuAT)

aab C

Standard
Error Rr

Anchorage

Ann Arbor

Columbia

Fayetteville á

Huron

Norfolk

Pittsfield

Springfield

Combined'

0.r29'
(0.019)
0.211

(0.023)
0.345

(0.Oss)
0.0903

(0.0071)
0.130

(0.018)
0.182

(0.007)
0. r93

(0.0s1)
0.149

(0.017)
0.182

(0.007)

0,0123
(0.0009)
0.0408

(0.0033)
0.027r

(0.0034)
0.0183

(0.00 1 1 )

0.0173
(0.0006)
0.0371

(0.0032)
0.0172

(0.001s)
0.0t74

(0.0008)
0.0159

(0.0006)

-0.00476
(0.0007)

-0.0102
(0.0012)

-0.0140
(0.0031)

-0.00445
(0.00078)

- 0.00384

- 0.0167
(0.001s)

-0.0113
(0.0039)

- 0.0069
(0.0010)

-0.0053
(0.0003)

97

62

46

t22

153

t7l

67

t27

723

0.80

0.86

0.67

0.45

1.45

0.95

t.43

0.10

0.16

0.18

0.1 1

0.r2

0.12

0.15

0.09

0. 18

0.91

0.95

0.93

0.90

0.96

0.90

0.81

0.93

0.86

'values in parentheses are the standard errors of the coefficients.
åSince there was no measurement of Q in this building, it was assumed to be equal to 1.0.
"Excluding Fayetteville.
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TABLE I2-The results of fitting Modet 2 to the measured air infiltration data'

No. of
Points

Model 2

I:Q(au2 lbuA'T*cu2LT)

aab c

Standard
Error R2

Location

Anchorage

Ann Arbor

Columbia

Fayetteville

Huron

Norfolk

Pittsfield

Springfield

Combined

r22

153 0.45

0.0499'
(0.00e8)
0.0798

(0.0108)
0.r47

(0.034)
0.0156

(0.0022)
0.041 1

(0.00s4)
0.0623

(0,0045)
0.0479

(0.0246)
0.0s68

(0.009e)
0.0531

(0.0030)

0.0124
(0.0006)
0.0393

(0.0026)
0.0303

(0.0025)
0.0195

(0.0012)
0.0176

(0.000s)
0.0343

(0.0025)
0.0170

(0.0013)
0.0178

(0.0007)
0.0 1 75

(0.000s)

- 0.00339
(0.0004 r )

-0.00647
(0.00165)

- 0.00073
(0.00030)

- 0.00 1 23
(0.000 1 7)

- 0.00556
(0.000s4)

- 0.00320
(0.00223)

-0.00273
(0.000ss)

-0.00163
(0.00011)

97

62

0.80

0.86

0.67

-0.00182 0.10 0.89

46

0.18

0.21

0. r3

0.12

0.18

0.16

0.10

0.20

0.94

0.90

0,83

0.96

0.77

0.78

0.92

0.81

t7t 1.45

67 0.95

r27 1.43

123

,Values in parentheses are the standard error of the estimated coefficient'

TABLE l3_ The results of fítting Model 3 to the measured air infíltration data

Model 3

I : Q(a u * å À?)os
No. of
Points b

0.00367
(0.000s I )

0.02317
(0.00367)
0.01323

(0.00384)
0.00455

(0.00061)
0.00945

(0.00068)
0.002ó0

(0.00080)
0.00517

(0.008s3)
0.00576

(0.000s0)
0.00557

(0.00049)

Standard
Error

0.062

0.209

0.224

0.0074

0.125

0.073

0. r00

0.063

0.171

pz
Location

Anchorage

Ann Arbor

Columbia

Fayetteville

Huron

Norfolk

Pittsfield

Springtield

Combined

97 0.80 0.00653'
(0.0078s)
0.07107

(0.02543)
0. I 137

(0.0414)
0.0258

(0.0038)
0.0140
(0.0076)
0.0551

(0.0039)
0.0243

(0.013s)
0.0183

(0.0071)
0,0622

(0.00s1)

a a

153 0.45

62 0.86

46 0.67

r22

17l 1.45

67 0.95

t27 1.43

723

0.74

0.87

0.79

0.69

0.86

0.78

0.55

0.80

0.63

,Vnlrres in narentheses are the standard error of the estimated coefficient'
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TABLE 14-The results of fítting model 4 to the meusured air inJ'iltration data.

Location
No. of
Points a

Model 4

I:Q(uuz*bt,T¡o.s

a b
Standard

Error R2

Anchorage

Ann Arbor

Columbia

Fayetteville

Huron

Norfolk

Pittsfield

Spring{ield

Combined

97 0.80 0.00107,,
(0.00202)
0.0 I 053

(0.00669)
0.02399

(0.01273)
0.00528

(0,000es)
0.00231

(0.00153)
0.0105

(0.0016)
0.00518

(0.00404)
0.00466

(0.00275)
0.0125

(0.0014)

0.00392
(0.0003s)
0.02831

( 0,00309 )

0.0 I 87
( 0.0028 )

0.00584
(0.00056)
0.00996

(0.000s0)
0.00696

(0.00093)
0.00577

(0.00074)
0.00636

(0.00039)
0.00780

(0.00042)

0.062 0.74

62

46

122

153

17l

67

t27

723

0.86

0.67

0.45

1.45

0.95

r.43

0.2 1 8 0.86

0.233 0 .77

0.078 0.65

0.126 0,86

0.095 0.62

0.101 0.54

0.064 0.80

0.178 0.60

'Values in parentheses are the standard error of the estimated coefficient

TABLE 15-The results oJ'Jitting Model 5 to the measured air ínJiltration data

Location
No. of
Points a

Model 5

I:Q(auIå¿r'41)o6s

a b
Standard

Error Rr

Anchorage

Ann Arbor

Columbia

Fayetteville

Huron

Norfolk

Pittsfield

Springfield

Combined

97 0.80

0.86

0.67

0.45

1.45

0.95

r.43

0.0131,
(0.0103)
0.0848

(0.02se)
0. r28

(0.041)
0.0382

(0.0078)
0.0r72

(0.0080)
0.00876

(0.00s7)
0.0362

(0.0168)
0.0300

(0.0088)
0.0791

(0.00s4)

0.00574
(0.00068)
0.0249

(0.0037)
0.0161

(0.0038)
0.00778

(0.00074)
0.0t22

(0.0007)
0.0033r

(0.00116)
0.0082s

(0.00106)
0.00881

(0.00062)
0.00755

(0.000s2)

62

46

t22

153

t7.l

67

127

723

0.081

0.213

0.220

0.089

0.13 I

0.104

0.r24

0.079

0.181

0.81

0.89

0.84

0.80

0.90

0.80

0.66

0.86

0.73
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Mod.el 6 to the measured air infiltration data

Model 6

I: Q(au2 + b Af)o'os

Location

Anchorage

Ann Arbor

Columbia

Fayetteville

Huron

Norfolk

Pittsfield

Spring{ield

Combined

No. of
Points

Anchorage
Ann Arbor
Columbia
Fayetteville
Huron
Norfolk
Pittsfield
Springfield
Combined

97 0.80

62 0.86

46 0.67

r22

r53 0.45

r7r 1.45

67 0.95

t27 1.43

0.00132"
(0.00268)
0.00799

(0.00702)
0.0239

(0.0128)
0.00749

(0.00r20)
0.00248

(0.00160)
0.0168

(0.0024)
0.00824

(0.00s03)
0.00737

(0.00348)
0.0144

(0.001s)

0.00ó34
(0.00046)
0.0328

(0.0032)
0.0227

(o.oo28)
0.00977

(0.00070)
0.0129

(0.oo0s)
0.0102

(0.0014)
0.00910

(0.00092)
0.00983

(o.oOoso)
0.0107

(0.000s)

Standard
Error

0.082

0.229

0.231

0.097

0, 131

0.143

0.126

0.081

0.194

a b R2

0.81

0,88

0.82

0.76

0.90

0.63

0.65

0.85

0.68

a

723

'Valuesinparenthesesarethestandarderrorofthe
coefficient

oJ explained variance Jor Model I

U

TABLE l7-Anal'ttsis

Location

' Model I

I : Q(a u * b tt A'T * c u ÀT)

Fraction Attributed to

Regression
Variance DT U* DT

0.05
0.06
0.04
0.03
0.01
0.09
0.03
0.03
0.06

8.8
3t.2
r7.7
11.9
43.9
22.3

6.2
14.4

133.4

0.79
0.8ó
0.88
0.72
0.77
0.91
0.48
0.73
0.83

0.25
0.21
0.01
0.48
0.24
0.1 1

0
0
0

1ó

08
08

'{i Nots: U : wind speed (m/s); DT : temperature difference
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Measured Ventilation Rates

. In most of the buildings the measured ventilation rates exhibit a seasonal
dependence such that the lowest ventilation rates occur during maximum
heating and cooling loads.a This can be seen in the plots of ventilation rate
versus inside-outside temperature difference for each federal building shown
in Figs. 12 through 19. Table 18 shows mean ventilation rates, along with the
standard deviations of these means, for 5 K intervals of temperature differ-
ence for all eight buildings. The mean ventilation rates can be somewhat mis-
leading for mild temperature conditions. Buildings with enthalpy control are
operated at low or high ventilation rates at the same outside temperature be-
cause of differences in outside humidity. This variable rate at the same out-
side temperature also occurs in buildings with other types of control svstems.

Also, as discussed in following paragraphs, the ventilation rate at a given
temperature can be affected by weather conditions in buildings for which
weather-induced infiltration is a significant portion of the total ventilation
rate.

Figure 12 shows the ventilation rate in the Anchorage federal building as a
function of temperature difference. There are low ventilation rates, about
0.25 to 0.50 exchanges per hour, during cold outside conditions and higher
ventilation rates for temperature differences below 20 K. None of the mea-
surements in Anchorage were made under conditions which were warm
enough for the building's air conditioning system to be used for cooling and
for the ventilation rate to again be minimized.

Figure 13 shows the ventilation rate of the Ann Arbor federal building plot-
ted against temperature difference. These data exhibit a large amount of
scatter due in part to some very high ventilation rates induced by high wind
speeds. This implies that the infiltration rate of the Ann Arbor building \vas
strongly dependent on wind speed and that infiltration became a significant
portion of the net ventilation rate under windy conditions. Figure 20 is a plot
of these ventilation rates versus wind speed for a limited range of temperature
difference, and indeed a strong dependence on wind is evident. A similar de-
pendence of infiltration on wind speed was noted earlier in Fig. 11. These
large, wind-induced rates were not considered in calculating the Ann Arbor
mean ventilation rates in Table 18. Under cold outside conditions, AZ > 20
K, this building was operated at about 0.5 exchanges per hour. For milder
temperatures, outside air was used to cool the building with ventilation rates
as large as 3.0 exchanges per hour. When the temperature difference was
close to zero, the ventilation rates did return to 0.5 exchanges per hour.

The Columbia building's ventilation rates are shown in Fig. 14. The mea-
surements cover a wide range of warm temperature conditions (A Z from - 10
to 5 K), but there is no clear dependence of ventilation rate on temperature
difference for the summer. If the weather-dependent natural ventilation, or

aA more detailed analysis of the performance of the ventilation systems is given in Ref ó.
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infiltration, is a large fraction of the net ventilation rate which was measured'

then the data *"y iho* a dependence on temperature difference' Such a de-

pendence would iend to imply that infiltration is similar in magnitude to the

intentional ventilation.
Figure 15 shows the ventilation rate versus temperature difference plot for

the Fayetteville building. when the building is being heated or cooled, the

ventilation rate is about 0.34 exchanges per hour' Under mild temperature

conditions, a T from 0 to 5 K, the ventilation rate varies between 0'35 and 1 '5

exchanges per hour. The ten high ventilation rates between 1.0 and 1'5 ex-

changes p.. hou, were measured under very windy conditions and probably

v/ere due to a dominance of naturar ventilation or infiltration, as in the Ann

Arbor building. Attempts to pressure test this building using its own supply

fans, while successfut in the other seven federal buildîngs' were unsuccessful

in Fayetteville because the ventilation

side air to raise the internal pressure si

of 1.0 exchanges Per hour and highe

ventilation alone and contain a large component of natural ventilation in-

duced by the high wind speeds during these measufements. The wind speed

dependence of infiltration for this building is evident in Fig' 11'

The Huron building, whose ventilation rates are plotted in Fig' 16' has the

lowest ventilation rates of alt the buildings examined' IJnder hot and cold

outside temperature conditions, ventilation rates of 0'2 exchanges per hour

and less were measured. The cord weather ventilation measurements exhibit a

dependence on both wind speed and temperature difference' This is the only

building which showed a significant d, pendence of measured ventilation rate

on temperature difference.

Figure 10 shows the dependence of infiltration on aT for this building'

which also appears in the ventilation data in Fig' 16' Additional scatter in

Fig. 11 is due io wind-induced infiltration. This dependence of ventilation on

wind is shown in Fig. 21. Ptots of infiltration versus wind speed, shown in Fig'

11, also show some dependence, though not as strong as for ventilation' It is

possible that the wind effects are enhanced when the outside air intake

dampers are open.
The ventilation rates of the federal building in Norfolk are plotted in Fig'

17 .lnthis building the winter and summer ventilation rates are comparable'

both around 0.6 to 0.7 exchanges per hour. Figure 18 is a plot of the Pittsfield

ventilation rates. It appears tñat the minimum ventilation rates during cold

weather are lower than the warm weather ventilation rates'

The Springfield building ventilation rates, shown in Fig' 19' exhiþit an un-

orr"t putt..i. The ventilation rates under warm conditions, AT < 10 K' are

relatively constant at about 0.6 exchanges per hour' For temperature differ-

ences greater than about 15 K, the ventilatión rate varies from a minimum of

0.6 to a maximum of about 1.25 exchanges per hour' It is not clear if the high

ventilation rates are due to intentional outside air intake or to a strong depen-
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TABLE 18-Average ventilat,ion rates in the buildings."

Temperature
Difference,

K Anchorage Ann Arborá Columbia Fayetteville

- 10, -5
-5,0

0,5
5,10

10,15
15,20
20,25
25,30
30,35
35,10
40,45

t.34/0.36
r.22/0.25
t.r0/0.23

0.46/ 0.t4
0.24/0.04
0.3ó20.10
0.26/0.02

0.94l0.95
t.94/0.42
| .96/0.97
0.86/0.20
0.47 / 0 .07

0.68/0. l8
0.68/0.21
0.69/0.32
l.l0l0.90
1.09/0.56
0.64/0.26
0.62/0.24

0.36/9.12
0.65/0.39
0.35/0.07
0.35/0.01
0.32/0.02

Temperature
Difference.

K
Huron.

Mean/SD' Norfolk Pittsfield Spring{ield

-15,-10
- 10, -5
- 5,0

0,5
5,10

10,15
15,20
20,25

0.19l0.00
0.16/0.04
0.53/0.43
0.52l0.00
0.13/0.04
0.14/0.06
0.32/0.14
0.25l0.05
0.26/0.07
0.29/0.04
0.31l0.06

0.73/0.09
0.62/0.rr
0.58/0.07
0.75/0.r9
r.00/0.32
r.05/0.37

0.70/0.09
0. 6610. 06

0.49/0.09
0.43/0,09
r.19/0,73
1 .25/ |.t5
0.67 /0.48
0.84/0.47
0.38/0.14

0.55/0.09

0.59/0.08
0,62/0.08
0.76/0.20
0.96/0.20
0.95/0.22

25,30
30,35
35,40
40,45

'All the ventilation rates are in units of exchanges per hour.
ácalculations neglect some verv high. wind-induced ventilation rates.
'Standard deviation of the mean ventilation rate.

Minimum Ventilation Requirements

The measurements of actual ventilation rates in occupied office buildings
are compared to ventilation standards and design specifications of minimum
fresh air intake. A certain minimum ventilation rate must be maintained to
remove pollutants generated inside a building. These minimum ventilation
rates are determined by the building occupancy level (number of people per
100 m2 of floor area) and the extent and nature of the activities within itre
building (smoking, painting, and other pollutant-generating activities). In
some of the buildings, the mechanical equipment specifications give a mini-
mum outside air intake level in units of volumetric air flow. Another com-
monly accepted minimum ventilation rate is equal to 10% of the HVAC sys-
tem's total air flow rate. The American Society of Heating, Refrigerating, and
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Air-conditioning Engineers (ASHRAE) has established minimum recom-

.mended buildin! veniilation fates which are a function of occupancy levels'
'building 

type (foi example, office, store' hot mple'

kitchen, office, conference room) [7]' The lation

rates are compared to the ASHRAE recom le in

Table 19. In all the buildings, except the Fayetteville building, the 10% total

air rate is less than the ASHRAE i..o--.ndation for smoking conditions'

The ASHRAE nonsmoking value is less than all the lovo rates' Since smok-

ing is permitted in all the buildings, the nonsmoking recommendation is not

reievant to the operation of these buildings'

Rather than .å*pur. the different ventilation standards to each other' it is

more important to compare them to the ventilation rates measured in the

buildings. The ASHRAE smoking recommendation is used for these compar-

isons. In Anchorage and Huron] th. minimum ventilation rates when the

buitdings are heated or cooled are about one third of the smoking rate' In

fact, these measured ventilation rates are close to the ASHRAE nonsmoking

a
a

a

a

a
aa

a

a

aa

a
a
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HURON: OCCUPIED VENTILATION RATE VS. W|ND SPEED
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TABLE 19-Minimum venrilation rates in rhe buildings.,
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Building 10% of Total Air
Measured

Building Minimum

Measured Minimum
as Percent of

ASHRAE Recommendation á

Anchorage
Ann Arbor
Columbia
Fayetteville
Huron
Norfolk
Pinsfield
Springfield

0.28
0.36
0.28
0.57
0.31
0.25
0.32
0.44

0.26
0.47
0.62
0.32
0.13
0.62
0.38
0.55

39
70
92
48
l9
92
57
83

'ASHRAE 62-81 Recommended Ventilation Rate: Smoking 0.67; Nonsmoking 0.17. All the
ventilation rates are in units of exchanges per hour.

áBased on ASHRAE 62-81 smoking'requirement.

rates. In all the other buildings, the lowest measured ventilation rates are yery
close to, and at times lower than, the smoking ventilation rates. Thus, all of
the buildings are at times being operated at ventilation rates which are lower
than may be desirable for the maintenance of indoor air quality. As will be
discussed in following paragraphs, local variations in air distribution may
lead to ventilation rates in specific zones which are very low.
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Thequestionoftheadequacyofoutsideairintakeisprimarilyanissue
' during hot and cold weather when outside air

minimum outside air intake is often assured by
:rtain Porti
:he outside

through the building envelope will ful-

ents.

It is interesting to compare the measured ventilation rates under conditions

of minimum outside air intake to measurements of building infiltration made

with the dampers totally closed and the HVAC fans running' This compari-

son provides àn indication of how much additionar air is reailv brought in

through the outside air intake to m
much of the outside air intake results

Arbor, Columbia, Pittsfield, and Spri

0.2 exchanges per hour higher dutin

rates when the building outside air da

and Fayetteville, the difference is only 0:

and Norfolk the difference is insigniiicant. Thus, during times of minimum

outside air intake, little of the outside air enters the Huron and Norfolk build.

ingsthroughtheoutsideairintakevents.Intherestofthebuildings,the
amount of air brought in through the vents is comparable to the ASHRAE

nonsmoking ventilation ...o**ãndation' Thus, either the minimum outside

air damper settings are much too low or the building designers are relying on

residual air leakãge or infiltration to meet outside air ventilation require-

ments.
Table 20 shows the monthlY avera

based on monthly average outside te

and an assumed inside temPerature

fnonth is based on the uu.ruj., in Table 1g or visuar inspeçtion of the plots of

ventilation versus temperaùre difference (Figs' 12 through 19) when the

meanventilationrateisnotrepresentativeofthedata.Again.therearesome
very low monthly average ventilatioä rates in n many

cases'themonthlyaverageventilationrateislrecom.
mendation. Even when the monthly average menda-

tion, there will be periods during the month w s lower'

Inmeasuringtheventilation-ratesintheeightofficebuildings,ithasbeen
found that there are times when the mechanical systems are bringing in mini-

mumamountsofoutsideairwhichareclosetoorbelowsuggestedventilation
levels. The measured rates are avera

local variations in ventilation and u

floors, rooms' and Parts of rooms' S

the ventilation measurements after the injection of the SFo tracer' The SFo

concentratíon on some of the floors does not attain the same initial concentra-

tion or decrease at the same rate as the rest of the building' There are many

wavs to define ventilation efficiency, but they generally quantify the departure
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TABLE 20-Monthly Average Ventilation RatesJ

I
Month Anchorage Ann ArboÉb Columbia Fayettevilled

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

46
46
46
7q

10

22
22
22
22
75
46
46

0
0
0
0
I
1

I
I
1

U

0

0

0.47
0.47
0.47
1.96
1.94
0.94
0.50
0.50
t.94
1.96
0.86
0.47

0.64
1.09
1.09
1.10
0.69
0.68
0.68
0.68
0,68
1.10
r.09
0.64

0.32
0.32
0.35
0.35
0.65
0.36
0.36
0.36
0.36
0.35
0..15
0.32

Month Huron Norfolk Pittsfield" Springfietd'

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

0.26
0.26
0.32
0.14
0.52
0.53
0.16
0.53
0.52
0.13
0.32
0.26

0.70
0.70
1.05
r.00
0.75
0.58
0.58
0.s8
0.75
1.00
1.05
0.70

0.50
0.50
1.19
|.25
0.67
0.84
0.40

1.00
1.00
0.95
0.7 6
0.62
0.59
0.59
0.59
0.62
0.76
0.96
1.00

0.40
0.40
0.38
0.67
1.25

'All the ventilation rates are in units of exchanges per hour.
åBased on outside temperatures from Homer. AK.
,Based on an average of outside temperatures from Flint and Detroit. MI.
/Based on outside temperatures from Ft. Smith, AR.
"Based on outside temperatures from Hartford. CT.

from uniform mixing of the supply air flowing into a space with the air in that
space. In addition to a floor not receiving its proper portion of supply airflow,
there also can be distribution problems on a floor. Individual rooms may not

receive the appropriate amount of supply air even though the floor or zone is

properly ventilated. This can happen when partitions are installed in a room

and obstruct the intended airflow through the space. Finally, even within a
well-ventilated room the supply air may be removed through exhaust or re-

turn ducts before it mixes with the rest of the interior air. Occurrences of such

"short-circuiting" further reduce the effective ventilation rate in the occupied

spaces of a building. Thus, low ventilation efficiency can reduce an already

low ventilation rate to a lower effective ventilation rate for the occupants of a
building. The extent of such air distribution problems in buildings is not

known and needs to be investigated. Tracer gas techniques can be used to

study air distribution and measure ventilation efficiency on a large scale

(floors and zones) and on a small scale (within a room).
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Conclusions

The average natural air infiltration rates measured in these buildings var-
, ied from 0.20 air changes per hour for the Huron federal building to 0.70 air

changes per hour for the Ann Arbor federal building. The component of the
design heating load from these buildings ranged from 23Vo for the uninsu-
lated Fayetteville federal building to 6l% for the new Springfield federal
building. For four of the buildings, air infiltration contributed to over 50% of
the heating loads. Two of the federal buildings, Anchorage and Huron, have

low air infiltration rates (0.28 and 0.20 air changes per hour). However, even

for these buildings, air infiltration was a very important part of the heating
load.

Ventilation rates under occupied conditions also were measured in the
eight buildings. It was found that for hot and cold outside temperatures. the
buildings are operated at minimum ventilation levels to reduce space condi-
tioning loads. At mild temperatures, outside air is used to cool the buildings,
and the ventilation rates increase significantly. The minimum ventilation
rates show little temperature-dependence in most of the buildings, but some

of the buildings exhibit a dependence on wind speed. In most of the build-
ings, the summer and winter minimum ventilation rates are similar, but in
some buildings there is a notable difference between the two minimum venti-
lation rates. The minimum ventilation rates were compared to minimum out-
side air intake levels suggested by ASHRAE, and it was found that most of
the buildings were operated very close to or below the ASHRAE recommen-
dation. Two of the buildings were operated well below this recommended ven-
tilation rate. Local variations in air distribution and problems of ventilation
efficiency can lead to effective ventilation rates in the specific area of the
building which are significantly lower than the average rate for the building.
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