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ABSTRACT

The air change rate in a single-story office building was measured
using a tracer gaé technique. The air changé fa;e was determined by
the rate of decay method'using sulfur hexafluoride asAthe tfacer gas.

A total of eight gesté were conducted within a forty-eight hour period
under small temperature differences and wind velocities. Two different
" building conditions were investigated: (1) supply ventilation fan on,
producing a positive pressure in the building, and (2) supply ventila-
tion fan off. Two sampling techniques were used: (l) ﬁultiﬁoint samp-
iihg, (2) single-point return air sampling.

' From this research an effective technique was develbped for cali-
brating portable gas chromatographs. For this par#icular building,
tests shoWed'thétlthe single—point return air éampling technique com-
pared,f;vprably with the multi;péint.sampling techniqué. With the
limited number of tests, no empirical relatiénéhip between tempera—.
ture difference, pressure difference and air change rate could be

developed, although certain treands were established.

Key words: - air change rate, infiltration, sulfur hexafluoride, tracer

gas, ventilation.



1.0 IKNTRODUCTION -

1.1 Statement of Objective

The intent of this resea;ch was'to devise an accurate and'sﬁit—
able methbd of measuring the air change rate in a building without
disturbing the occupants. This study is'one part of a research pro-
ject conducted by the Department of Architectural Engineering at The
‘ Pennsylvania State University on a solar energy building'in Albuquerdue,'
New Mexico. The uléimate‘gpal of this work‘is to measure the air
change rate over varying environmentai and building conditions for
the purvose of determining the buildings energy consumption. The major
focus of this thesis is on describ}ng;the equipment,.calibrafiqn of the
gas detector, experimental procedgre and data ana;ysis used for these
mea;urementle One bbjectivg of:these tests was to detefmine4if é
single-point return ai:.sample would ;ccuratély represent the total
air change rate for this particﬁlar building. For.fuﬁureAtésting, if

a8

the above turned out to be true, this would greatly reduce the amount

-

of equipment and data analysis involved with multi-point sampling.

1.2 Overview of Thesis Content
Chapter 2 deals with backgrdund material, sulfur hexafluoride (SF6)
as a tracer gas, and the equations governing the rate df decay-method.

A description of building dimensions and conditions appear in Chapter 3.

6

was developed by the author. Several alterations to the machine were

An accurate technique for calibrating a portable SF, gas chromatograph

" made to accommodate the calibration method and for the purpose of

obtaining useful output.' The above technique and alterations are




/ 2
diécussed in Chapfer 4. Equipment was built to automatically sample
. the éés coﬁcené?ation with respéct to time. This equipment is also
'Adescribed_in Chapter 4. Chapter 5 describes thg tests and testing

procedure, while Chapter 6 deals with data analysis and results. Con-.

clusions and recommendations are discussed in Chapter 7.



2.0 BACKGROUND

An appreciable part of most buildings' energy load for heating
and coollng is dne to infiltration or air change rate. Fornulas used.
to calculate the air change rate (1) can rarely be used nith confi-
dence. Technlques have therefore been developed to measure bulldlng
_Aair change rates. One of the most successful technlques has been to

measure the deconcentration of a tracer gas in.a building space.

2.1 Former Research

Almost any.gas'that can be conveniently.measuredlin small quanti;
ties can be used~as a tracer gas. One of the first and most prevalent
gases used is helium (2,3;4,5,6);‘ In more recent years, oith the
developnent and refinement'of electron.capture_detectors, SF‘6 has
playedhan‘increasiné'role as a tracer gas used in building air change‘
-rate’measurement (7,8,9). Good results have also been obtained us1ng

SF6 as a meterological and stack effluent tracer (10,11,12).

2,2 Sulfur‘Hexafluoride as a;Tracer Gas

' Sulfur_hexafluoride has the propertiesot'being chemically and ther-
mally stable, inert, nontoxic, colorless, oaorless, tasteless, non-
flammable, noncorrosive and can he stored easil&. The'gas has linited
nses and is not likely to be found in the atmosphere. The gas is cap-
able of being measured in the parts per bllllon range (9 10 12) there-
' fore,requlrlng very small amounts. Although SF6 has a high molecular

weight when compared to thatof helium, Hunt and Burch (9) while testing
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‘simultaneously with helium and sulfur hexéfluoride, concluded that
vmolecular diffusion playved no more than_a secondary role in air'changé~

‘"rate measurements. The above properties make SF, ideally suited as a

6 .

tracer gas.

2.3 Equation Govérning thé~Raté-of Decay Method
Iﬁe rate of.deca§<methqd was used for fhis expérimént wﬁére an
_initial‘éoncentration éf traéer gas was distribﬁted‘iﬁ the space
 fo1lowed by thé measurement of rate of decay. Isenberg and HcLaughlin
(7) used the guétaihedlrate of injgc;ion method while‘making air\cﬁéﬁée
rate measurements in multi—stofy buildings. For this ekperimént such-é
sméll’volﬁmé of tracer gaS'has needed (50 cc), that it made this.methOd
_impraétical. |
If an.initial cpncéﬁt:a;ion of frécer gas is @isfributed iﬁ a
space-at timé.t ¥'0, the deconéentrat;on of ;heltraéer, assuﬁing no
‘tracer'reentry and perféct,mixiﬁg of the tracer with air, ﬁay be

. expressed mathematically as:.

o w
_where ¢ = concentration of tracer gas at time t
N = number éf air chaﬁgés.pef hbﬁr
t = time
with c = éo at t.i e, = 0 équation [lj'expressed loga?ithmicaliy
bécomes |

j - | - log, c/c_ = -N(t-t) ' (2]



where N = Q/V
and Q = Volumetric flow rate in-ftz/m
V = Volume in ft3

Inspection of equation [2] shows that if the log of concentration is
plotted against time, this relationship calls for a straight line with

a negative slope N equal to the air change rate.




3.0 BUILDING DESCRIPTION

The building tested is a singie—story office building housingtthe
consultiﬁg engiﬁeeringAfirm of Bridgers and Paxton énd is located in
‘Albuquerque, New Mexico. The building uses a solar assisfed.heat pump
system for heating and consists of individual office space, a receptioﬁ'
area, a éémpﬁter room, a print rbom, a conference room, a ﬁechanical
equipment room, restrobms'and a large drafting room. Pictures of the

building exterior appear in Figure 1.

3.1 Dimensions and Construction

- The building has a usableAfloor‘area'of 4,300 ft2 (400 mz)land a
total volume of 40,100 ft3 (1136 m3). Included in the t&tai~volume is
a small half story attic space loéated’above the eéstefﬁ half of the
,Building.' This spéée houses mechanical edﬁipment and acts és the
return air_spéce for the air hanﬁling unit. For purpbﬁes ofltesting
the Sﬁilding‘was divided iﬁto thirteen zones. The lécationxof the>
zones are shown on the building floor plan (Figure 2)_and é description
and volumes of the zones appear in Table 1.

Construction is of structural stéel beams framing members on 18 ftf
cenﬁers. Exterior walls coqsist of nominal 2 x 4 in. wood ffaming,‘
fﬁil thick batt type insulation, gypsum‘board inférior and fiber board
sheathing. The east side of the building has a face brick exterior.:
The nortﬁwest and part of the south facings have a l'in.lstucco exterior.
. The remainder of the.south facing is covered with doublé glass, f%at
plate solar collectors with an insulatéd backing. The roof system con-
sists of an insulated built-up roof with six plastic skylights over

interior glass panels. . : ' ‘



Figure
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Table 1. Description and Volumes of Zones

Zone : o Volume Fraction of
Number Description - ft3 Total Volume -
1 Drafting Room and Hall ' 16,699  0.416
2 Mechanical Equipment Room 1,218 0.030
3 " Two North Offices 2,167 0.054
4 Two Central Offices | - 1,836 - 0.046
5 North Office ' 1,035 10.026
6 Restrooms and Kall - 1,058 0.026 -
7 Computer Room | o 4,105 0.102
'8 North East Office o 969 0.024
9 ‘ Conference Room 4 1,232‘ 0.031
10 " Reception Area : ' ‘ 3,425 0.085
11 ‘Print Room | 1,616 10.040
12 Two South Offices . - - 2,685 10.067
13 Return Air Space (Attic) : 2,075 ‘ 0.052.
Total Volume 140,120 f£t3

All windows are of the single-glazed, fixed type and are well

fitted. All windows are located on the north facing with a combined

area of 264,ft2 (24.5 m2). The two exceptions to this are the six over-
head skylights Qith a combined total‘afea of 50 ft2 (4.6 m2) aﬁd 41 ft2
(3.8 m2) of window area on. the east facing. Two of tﬁe three exteriof
doors arelwell fitted. The front déor leading to the reéeption area

is poorly fitted and does not close properly.

3.2 Ventilation and Air Distribution
The ventilation air for the building is provided by an exteridr
squirrel cage fan supplying approximately 1700 cfm (0.802 m3/s) tﬁrough

a duct to the mechanical equipment.room housing the air-handling unit.
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The air-handling unit runms continﬁously,and draws its suppiy air from
both the ventilétion fan and thé attic feturn air ébace (Zone 13).
The air is distributed by én ovefheéd duct system running‘throughout
the building (seé Figure 2); Thére are three unit e#haust fans, each
exhaustiﬁg_abproximatély 50'cfﬁ (0;024 m3/s). Two of thé fans are:
located in Zone 6, one.in each of the bgthrooms._'The remaining.

exhaust fan is located-in the print room (Zone 11).

3.3 Building Conditions .

Two unique.bqildiﬁg éonditioﬁs were deemed appropriate in test:
: (l) the day condition, and (2) the:night conditioﬁ. Dufing tﬁe daytime
from; 7:00 a.m. to 5:30 p.m.; the ventilatién‘fanquns continuously, two
: réstrobm exhausg fans run continuously and the print room fan runs
when needed to vent noxious fumes. During the.nightéiﬁe only the
exhaust fan in the womeﬁ's restroom‘operates.'-As mentionédvbefore,.tﬁe

fan in the air-handling unit runs continuously,'day and nighﬁ.
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4.0 INSTRUMENTATION AND EQUIPMENT

4.1. SulfurlHe*éflﬁoride Detector

COnceﬁtrations of SFG Qeré measured with an Ultra-Senéér Legk
Detector (Model 6000B) madufac;ured.bf AnalyticalAinstruments, Ltd.,
'Camﬁridge;‘England, and distributed by Scientific Systems Corporation
of Arcadia, Cé1if6rnia.  | | - |

4.1.11APrincip1e éf Operation

The instrument.used‘was a portab%e‘gas thomatograph which:is sen—
sitive to gasés that haQe‘an affinity f9r thermal eiectrbns. The
major components of the machine are é detector cell containing a 366
milli—Currie'radioactivé trituim sBurce,-a one-foot staihiess_steél'tube
separa;ion column pagked Qith 100-260 mesh alﬁminum oxide, a small
'Jreciprocating diaphragm pump, a'plqu9r type sample valve aﬁd an ampli-
.fying circuit; |

' The detector fequirés-two gasés for‘operation. .Ohé gas,‘cailed the
carrier gas?'flows‘constantly-through the syétem aﬁd serves as both
theiffﬁnsport mechanism for'thé sampleland as an ionization mechanism
.in the detector. The carrier gas flowing through tﬁe detector produces
a measurable standing current. Wheﬁ a tracer‘gas enters the detector,
'electrbné are.captured'thus reducing the'étanding curfent. This
decréase in standing current is a measure of concentration of theA
_tracer gas. For this expériement 99.998 percenf pure nitrogen was used
as’the carrier gaé. Argon with 5 percent to 10 percent methane may be
used as theAcarrier gas=and‘will produce é slighly higher standing cur-

rent.
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With the tracer gas flowing through the detector and the diaph-
ragm pump operafing, sémple air is éontinuously vented out the pumﬁ.
if the sample:valve is deﬁressed,a 0.5cc quantiﬁy of sample air‘is
injected into the carrier gas stream. fheAsample is carried tﬁrough
the éolumn where'a separa£ion'of gases occu;s} The separated gases
which are detected are first oxygen.and second the tracér gas; oxygen
also having a high affinity for electrons.. A'schematic diagfam of
the defector circuit is shown in Figure 3. |

4.1.2 Alteratioﬁs to Detector

Three alterations were made to the defector to facilitate the
calibration and testing procedure and to obtain a usable outéut.' In
order to u#e the calibratién system, it was ﬁecessary td measure the
nitrogen and sample air flow ;éte. The diaphragm pump dn the.detéqtor
_vented éli gaées to the:inside‘of EheAdetecfdr cabinet. ,A‘small‘length-‘
"of copper tubing was at;achéd.to the pump Qen; and run throggh the
'deteétor housing where a flow ﬁeter was attacﬁed. .The sampie injec- 
tion valve Qas fitted with a solenoid device in order to automatically.
control the: sampling sequence. Usable output from the detectof‘was
obtained by éonnécfiﬁg a Honeywell ElectroniK 19 strip chart voltage
reéorder in parallel with.the-taut—band-meter}equiépéd on the detector.

- 4.1.3 Detector Flow.Rates |

Nitrogen was supplied to the detector from a high pressure cylinder
'throughzadohble—stageregulaﬁorand a short length of 1/8 in. 6.&. copper
tubing. With the‘diaphfagm pﬁmp off the regulator was-adjusted to pro--
duce.a nitrogen flow rate of 150 cc/min. through the detector. Af: thié
flow rate>the regulator registered a gage pressure of approximately 20

psi. With the'diaphragm'pump on the combined flow rate for both nitrogen
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and saﬁple air was 375 cc/min. Of this quantity‘SO‘cc/min.'entered‘
the sample air port.

4.1.4 Calibration of Detector
The responsé of the detector whén encountering a concentraﬁion.of

6

oxygen enters the detector cell followed by a second decrease in stand-

SF, in air is a decrease in standing current, first as the separated

ing current as the SF, passes through the detector. cell. A representa-

6
tion of the detector output as measured with the strip chart recorder
is shown in Figure 4. Hunt and Burch (9) using a similar detector

‘found the response to SF, followed a form of Beer's law. That is

6

log, o = ke

where: ¢ is the concentration of tracer
'k is an empirical constant
. 8C is 'standing current

PH is the low point of a chromatograph deflection

Figure 4 shows the relationship between standing current and péak
heigh;; .The term standing current is somewhat of a mishémer in that
the standing current in thi; experiment &as measured as a millivolt
output rather than measure& as a current. Both.standing ﬁﬁfrent and
peak height were measured in millivolts.

By calibréting the instrument periodically with a known concentra-
tion of.S.F_'6 in air a calibration equation‘can then be deQeloped.A Hunt
and Bugch (9) note that a possible source 6f error in concentration
4measuremepts is failure to consider the small intercept when PH/SC = 1.

A more exact equation would then take the form:
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PH '
].oge sc = -k (c=}))

where A represents the intercept at PH/SC = 1. For these tests, two

known éoncentrations of SF, in air (4.1 PPB and 12.4 PPB) were used to

, 6
calibrate the instrument. Machine drift with time made it necessary to
calibfate the instrument'approximately once every éight minutes. By
. alﬁérnating the calibration gases a célibration eduation accoﬁnting for
the intercept A could be developed. Concentrafion ﬁeasurements were
taken in fiftéen minute sggments'with readings being taken once each
4minute.v The first calibration gas Qas reéd at minute one'with the
Aseéond calibration gas being read at minute eight followed by the first
"calibration gas Being read at minute 6ne 6f the second fifteen minute
segment. A calibration eduétion was then develdped using the readings
' . concentration for thé

6

readings between minute one and eight. A calibration equation was then

of minute one and eight to determine the SF

calculated using the readings from minute eight of the first fifteen
minute segment and minute one of the second fifteen minute segment for

use in determining the concentrations of SF, between these two points.

6

iy sample calculation taken from test Single 1 follows.

Minute PH . SC . - PPBSFg . PPB SFg
» (mv) (av) (PE/SC) Calibration Calculated
1 2150 . 9.45  0.4395 12,4 '
2 ©21.55 7.700  0.3573 15.5
3 21.60  8.00  0.3704 14.9
& 21.65  8.25 0.3811 14.5

5 21.70  8.65 0.3986 , 13.8




Minute

O 0O ~N O

10

11
12

13
14
15

"log PH/SC = =kc - A

17

PH  SC - . PPB SFg - PPB SFg

(mv) (mv) (PH/SC) Calibrated Calculated
21.75  8.90  0.4092 - 13.5
21.89  .9.35 .0.4271 N 12.8
" 21.80  16.80  0.7706 4.1 .

21.90  10.05  0.4580 = 1223
21.95  10.40  0.4738 1 ©11.8
22.00  10.70  0.4864 11.4
22.00  11.00  0.5000 1049
22.00  11.30  0.5136 10l
22.00  11.60  0.5273 . - 10.1
22.10  11.95  -0.5407 N
22,20 10.10.  0.4550 12.4

22.20  12.40  0.5586

log, PH/SC = =k (c +.})

' : or

.,4wﬁere'A = kA

-k 12.4 - A for c = 12.4 PPB @ minute 1
-k 4.1 - a for ¢ = 4.1 PPB @ minute 8

loge 0.4395
loge 0.7706

soivihgifor k and A
k = -0.06770
A =.-0.0168

I

The calibration equation is

log_ PH/SC = ~0.06770c + 0.0168

This equation is used to determine the SF, concentrations for observa-

6

tion*atiminute'Z through 7. Next

log 0.7706 = -k4.1 -A for c = 4.1 PPC @ minute 8.
log_0.4550 = -k12.4 -A for c = 12.4 PPC @ minute 1
solving for k and A

k = 0.06350

A = 0.0003
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the calibration equation is

log, PH/SC = -0.0635¢c - 0.0003

this equation is used to determine the SF, concentrations for minutes

6
9 through 15.

To determine if the detecto; output conformed to Beer's law and
to'fin& its operating rénge,'a 33.99'ft3~(962;408 cc) cubic test
chamber was conétructed of galvanized sheet metal. The chamber
waslfitted with a_septum.and small internal nixing fan. By inject-
_ing pure SF6 into the chamber with a microliter syringe, known con-
centrations of SF6 in air could be obtained.. Frém this technique, it
was determined that the detector's fesponse followed Beer's law in thé
_ range from 25 PPB to 3 PPB. It wasidecided to operate the machine.
.betweén QOijB'and 3fPPB in the field if at all possible.

Two calibrat;on gases of different coqqentrations_were prepared
b& MG Scientific,'Ke;rny, New Jersey. Concéntrations éf 12.4 PPB in
air and 4.1 PPB in air were stored in #7 high pressure cylinders
~(approximatély 4 in, in diameter gnd 16 in. in height). Great care
-wés faken in preparing the cylinders for filling (13). The cylinders
were polished internally with glass beads to reduce the effects of sur—i-
face absorption and were baked in a vacuum to remove all moisture. .
Initially; each cylinder contained approximately}ZO liters (if expanded-

to standard conditions) of calibration gas under a gage pressure of

~ approximately 1500 psi.

Each cylinder was fitted with a single stage regdlator} A small
needle valve with a one-foot section of 1/8 in..0.d. copper tubing was

connected to the regulator outlet port. When calibrating the detector
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the regulator gauge pressure was set at i to 2 psi. With the needle
valve closgd, the copper tubing was connected to the sample air port
of fhe détector.' The flow reading measured at the pump vent would
decrease from 375 cc/minf-to approximateiy 325 cc/nin. as thg sample
_ air port was b;ocked; 'Thirty seconds before the calibra;ion reading
" was to be taken, the needle valve was opened and adjusted'to-pfovide
a flowAfate of 375 ce/min. Tﬁis amount of time allowed the copper
tgﬁing and internal detector flow circuitry to be flushed of all pre-
ceding sample air. Immediately after the calibration samplg was
taken, the calibration gas was disconnected from ﬁhe sample air poft
and the réom air sampiing system was reconnécted to the port. This
pfocedure used only about 30 cc,o% calibration gas per calibration
reading. Each cylinder provides enough gas for:approximatély 650
caiib?atibn readings. |

This calibration.techniquelproved safisfactofy in all respecté;
The cylinders are eaéily handled and provide enough capacity'for a |

large number of tests.

4,2 Air Saﬁpliﬁg‘and Control Equip@ent

Two different sampling methodé were used. In the first method,
zone by zone samples were taken through a network sampliﬁg systemp ‘Iﬁ
the second method, samples were taken from the return air space only
(Zone 13). One of the'objectives of this experiment was to determine
if the single—ﬁoint sanple method was répresentative of this particﬁlar.
building's total air change rate, thus reducing the amount of equip—

ment and data analysis necessary in future testing. .
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-It was nece;sarf to measure the SF6 decay rété in'all‘thirteen
zones during a particulaf test fun. To accomplish this an autéﬁatid
| sample air collgétion system was constructedlalong ﬁith an automatic
' system to ménitor and regord data.A The air sample collection system
consis;éd of iengtﬁs of 1/2 in. (12.7 mm) polyethylene pipe coﬁnected‘
to an automatic multi—valvé Aevice. This system is‘bésically the
same collection éystem used by isenberg and McLaughlin in‘l968'(7).
The pipe is readily available and eas& to work with and pfoved satis;
factory ihie&ery respect. |
A 1engﬁh of pipe'was run'ffom each~zone‘to the test station. wThé
pipe inlets were located-three to four feet above floor 1eyel and |
their approximate locations correspond to the zoﬁe number designati;ns
on Figuré 2’_ At'the test station,; the pipes were connected“to the
multi-valve device. 'This deviceAcohtains fifteen eléctrically(coﬁtrolied
three—wéy'vaives arranged in line'on two éhambers. Each valve ié open
normally to the upper chamber,‘allowing air:from the connected zones:to
be drawn off continuously. fhis maintains ; fresh samplé'of air from.
each zone at the test station location. An industrial shop vacuum
cleaner, c;nnéctedltd the upper chaﬁber, was used to draw sampie air
throﬁgh ﬁhé network system. ihe Qacﬁum cleaner discharged tﬁe sample
.air into the women;s'restrOOm which contained an exhaust-fap. Although
the pipes were of ;arying length (varying from 20 ft. to 60 £ft.) the
flow rates through the'pipés-variedlfrom only 22,000 cc/min to 27,000A
cc/min. This providéd for an air change rate in the 60,ft. length of
five pef minute and an air change rate of 17 per minute in the 20 ft.

length. 'Therefore, it took a quantity of sample air 3.4 second to

travel the 20 ft. length of pipe and 12.6 second to travel the 60 ft.
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length of pipe. A time lag differedce of 9.2 seconds was considered
negligible since each zone waé sampled once .every 15 minutes and
normal variation in the decay raté would mask this small error.

When a particuiar value was aétivaﬁed, sample air from_oné zone
 wou1d be delivered to the lower chamber;. A lOlliter per nminute dia-
"phragm pump drew'ﬁir from the lower chamber and diécharged ﬁhe sample

at.apprdximatelyAatmospﬁeric pressure. Tﬁe.sample air entered the
‘detéctor'from the pump discharge through a 1 ft.'length of 1/8 in. o.d.
teflon.tubing.' Figure 5 is a schematic layoﬁt of‘the valving afrange—
ment showing sample air ﬁ§vemen£‘through the systém.'

- Concentration rgadings.were ;aken autonatically once.a minute

with each'zone‘beiﬂg sampled oncgfevery 15 minutgs. A coﬁtrol device
.automatically-sequenced thé actiéation of.the 15 valvgs and also
acfivatéd'thé sénple vaive pushing.meChahism. The control device had.
the capébility of eithér.automa;icallf or manually activating the
valves. Valve positions Qne.and eight were not used. Calibration
‘Qf,tﬁe detector took place dufing the time periods when these.valves
- were to'seqﬁence. Séﬁpié air froﬁ a parficular zone woﬁld fldw throughu
the bottom header for 58 seconds; At this time, the control device
would actiﬁate the sample valve puéhiﬁg mechanism, thus taking a con- 
centration 1measuremént for. théf’particular zone, 'Atltime sixty
seconds -the next valve would activate thus diﬁerting sample air from the
‘next zéne into\the bottom header. A céncéntration measurement for that
zone would then be taken-fifty-eighﬁ-seconds later. The time ofﬁ
fifty-eight séconds allowed a sufficient period to flush saﬁple air

of the previous zone from the bottom chamber. For the single point
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return air sample tests, samples were taken onceeverindnute from'
Zoné 13 only.

Electrical noise created by the control system and existing iﬁ the
building made it necessary to supply power to the detector and stripl
‘charge recorder,thfough an isoiétién transformer. A schemétié dia~-
grém bf the test_statiqn éppeaxs in Figure 6. figure 7 is comﬁosed
.éf'three'photographs; sthing'the test station, the pquetheylene:
ﬁipé,.and the instrﬁment used fof reading and récording.environmental
data. )

4@3 \neasurement of Environmentgl Conditions

Wind velocity and direction:Aand témperatures wete récor&ed by A
.K;yé Instrgment System (Model 8001). A Qeather station’located on top
of the building (Figure 1, bottom) housed the wind velocity and -
di;e;tion instrument and a thefmistor used for measuring the outdoor
dry'bplbbtemperature. Fi&e thermistors located in Zonés 1, 6, 7, 10
and 11 were used to measure the indoor dry bulb temperatures.: Temﬁefa—
ture readings were récprded once every 10 minutes while wind velocity
and direction were recorded every 10 seconds. A Decker Differential
Pressure Meter (Model 306-2) was éonnected fo an outdoor pressure tap
located five feetlabove the ground immediately outsi&e the print roon
door and to an inside pressure tap located four feet above the floor
in the reception area, Thi§ was the only.static pressure difference
monitored. The outﬁut was recorded continuously on a Honewell EiectroniK
19 strip chart recorder. ﬁnvironmgntal data for further testing will be
recorded on an IBM System 7'(Figﬁre 7, bottom). The IBM data acquisi-
tion system Qas out of service for programming thle this experiment was

being conducted.
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5.0 TEST DESCRIPTIONS AND PROCEDURE

5.1 Description of Tests
A total of eight tests, two groups of four tests each, were con-

ducted on June 12 and'Juhe 13, 1975. The first four tests were taken

in the time period from 21:00 MDST June 12 through 5:00 MDST June 13,

and the second group‘of'tests were taken from 17:00 MﬁST Jgné'13
through 24:00 MDST June 13..

-~ Two types of tests were conducted: (1) multi-point sample or

zone sample‘hereaftér referred to as a room:test, and (2) a single-

point return air sample hereafter referred to as a single test. Two
types of building conditions were investigated: (1) the day condition,
and (2) the night condition,descfiptions of these conditions appear

in Section 33. Test name, time period, and building conditions appear

i.in Table 2;1'

Table 2. Test Déscriptions

- Test ' A Start A Stop . Total - Building
-Nanme - . Date ' Time Time Time Condition

‘ (MDST) . (MDST) (Minutes)

"Room 1 6/12/75  21:08 .  22:08 60 Day
Single 1 -~ - 6/12/75 23:11 23:56 .45 ' Day
Room 2 - . 6/13/75. - 1:37 2:52 . - 75 Night
Single 2 6/13/75 3:31  4:53 .82 © Night
Room 3 .. 6/13/75 17:17 18:17 - 60 ~ Day

" Single '3 6/13/75 19:07 19:52 45 _ Day
Room 4 6/13/75 20:25 21:25 © 60 -+ Night

Single 4 6/13/75 . 22:59 23:50 . 51 Night -
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By‘inépection of.teét groups in Table 2 it is evideﬁt of the
, coméarison to be made. By comparing test Room 1 with test Singie 1 and
by comparing test»Rooﬁ 2 with ;eét Single 2 a deterhiﬁation can be
made Whether or not a éingle—point return air sample is‘indicative-ofl
'thé total building air chénge %ate. The second gréup of tests follows
ﬁhe same pattern. Aiso, the air'change rates for both buildiﬁg condi-

tions can be determined.

- 5.2 Test Procedure

The cylindef of SF6 Qas stored'approximately fifty yards dowm-
Qind from the building to reducé any chancé‘of contamination while the
tests were .in progress. A 50 cc container was filled with pu?e SFG'
 Thé container was tﬁen opened,ih front of the'supély fan of thé‘air'
“handling unit,A‘The air distribution systenm qarriedAthe tiécer:gas
A'thrOughouf the building.'_Preliminar&_tests showed ﬁhat good mixing' :
took place throughout the building negating éheAneed forAportable féﬁs
to mix the air. This building is ideally suited for diStributing and
mixing the tracer gas_énd made this part qf the test a single process.
'When it was determined thaf.a‘suitable concentration of well—mixedOA
tracer gas was cdntained within the . space, the sampling proceés'was
séarted; This téok'from between five to ten minutes dépénding on‘the
residual concentrations remaining from prévious tests. Tests were run
as lbng‘as seemed appropriate by inspécting the decay rate on the
. strip charﬁ recorde;. Testing during the night condition took some-
what 1oﬁger since the air change rate was greatly reduced.' For fﬁture
testing the day condition tests can be held to forty;five hinﬁtes and

the night condition tests to one hour.
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6.0 DATA ANLAYSIS AMD RESULTS

6.1 Déta Aﬁalysis

Ihe computer was usgd to organize fhe'raw cbnéentratiop dafa and
to make the necessary calculations. The concentfations were cai—"
culated from the raw data using thg procédure described'in’Section
4.1.4. The'Apﬁéndix contéiné the réw'déta and cohcentration values
;fof-all eight ﬁests in the order they were'taken. ‘The air change
rafé for each tést~§as deterﬁined using ;he slope of a béSt fit ieasf
square straiéht iiﬁé approxiﬁation ofithe céncentrétion vérsus tiﬁe‘
data péints.' In the case of the Zone tests an‘éir change-rafé‘for'
eaéh zone was determined and weighted.accérdiﬁg to its volume. By
summing the weighted Values of all zones, the fotal~building aif
‘change raté was détérmined; Figure 8 thrqugh Figur¢~il‘a;e plo;s;of
decay réte'obsgrvationé for testé Single 1 th;bugh Single 4 fespec; ‘
tively.i Minute zero values on the figures éorrespond to ﬁinute two
value in the Appendix. Table 3 through Table 6 shows individual zone
air change rates and tﬁe total weigbted air chaﬁge rate. for tests
Room 1 throﬁgh Room 4 respéctively.A

The average indqor tenperature for a given test is a QeightedA
~average using'tﬁe temperature data from the five indqdr zone locatioﬁé.
?he outdoor dry bulb temperature is the average of the ﬁen—minute read-
ings for'aAgiveﬁ tgét<period. Wind veiocity and direction.were read
every ten seconds and compiled in'five—minute averages. Although the'
anemdmeter-used had questionable accuracy wvhen reading in the loéer |
range (0-5 mph), the wind velocity was extremeiy low for all teéts.

‘This was confirmed by the non—fluctuatingAOutpﬁt of the differential
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- Table 3. Weighted Air Change Rate - Test Room 1
N % TOTAL :
AC/ HR o Volume __NxZ
2.160 0.416 ©0.899
1.960 " 0.030 0,059
1.930 ©0.05% - 0.104 -
2.028°. .. .. 0.046- . .0.093
1.532  © ° 0.026 0.040
2,222 o 0.026 ~0.058
2.500 o 0.102 0.255
2.515 i '0.024 © 0.060
- 2.469 - . 0.031 - ' 0.077
10 2.404 |  0.085 0.204
‘1i .92 0.040 0.077
'12 - 2.546 0.067 0.171"
13 2.552 0.052 0.133
| Weighted Air Change Rate 2.23/h0L;r
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Table 4. 'Weighted-Air Change Rate - Test Room 2

N ‘ . % TOTAL

10

AC/ER - Volume NxZ
0.631 .. 0.416 . 0.262
0.510 | _0;036 I 0.015
0.581 "~ 0.054 o om
| d..53o S o460 olo
0.539 . o0.026 0.014
0.5 0.026 ©o.014
Ao.sogw’ O oa02 ) '-'0.062
0.614 -~ o.026  o.015
0.622 ©0.031 ‘A . 0.019
0.599 0.085 0:051
11 10.991 0.040 " 0.040
12 - 0.614 0.067 ) " 0.041
13 0.656 0.052 10.034
:_ Weighted Air_Change'Réte_ 0.62/hour
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Table 5. Weighted Air Change Rate — Test Room 3

_ o N . % TOTAL .
‘Zone o .AC/IIR_ . _Volume . NxZ

1 | 2.798 0.416 - o 1.164
2 . 2.803 . 0.03%0 . . ‘- 0.084 "
3 © 2.067 . 0.08 . 0.112

VAR . 2,141 .- | 0.046 . . - 0.098
5. 2.462 . 0.026 0.064_'4
e . 1.917 © o 0.026 04050
7. 2600 .. o022 0.274
s . . 2.831 0.024 C . 0.068
9 2746 o003 .0.085 -
0 A‘~_« 2.765 T o.085 o N 0.235
1o -.....”' 2.518 o 0,060 ) ;{0.101'
12 2493 0.087 0.167
© 13 | 2.672 0.052 0.139

Weighted Air Change Rate =" 2.,64/hour
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Table 6. Weighted Air Change Rate = Test Room 4

| N - % TOTAL N |
. Zone o AC/HR Volume _ Nx%

1 ' 0.684 | 0.416 ) 0.285
2 _ o 0.738 - 0,030 - 0.022
‘»33 : Co.s2r . o.056 . : 10.028
& 0489 . . 0046 . . 0.02
5 S ‘f 0.679 o026 . ~ 0.018
6 U o612 0026 - 0.016
7 ."' A »“~ 0.685 o020 0.070.
8 - - o2 0.024 3 0.017'
9 - 0.711 0 Toom . 0.022
10 . 0.706 . 0.085 - 0.060-
.'1i o ‘fi " 0566 ';f 6;046 o o;b23
12 0662 0.067 . 0.044
13 | 0.656 . = 0.052 0,034

Weighted Air Change Rate = 0.66/hour
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<pressure monitor. The wind velocity taken from the anemometer read-

ings averaged less than one mph for all tests. The building'static4
pressure, as read from the one location in the reception area, aveféged
+0.027 inches of water with the ventilation fan on and -+0.005 with' the

ventilation fan off. Table 7 contains a summary of all data taken.

6.2 Results

Due to the limited number of tests taken no empirical relationships
between temperature difference, pressure difference and air change rate

‘could ‘be made. Using the crack method (1), air change rates were éal—

- culated for the single tests where an average pressure difference of

0.027 inches of water existed. The values predicted by the crack
method-equaléd apprbximately 10 percent of the valués measured.:
.Certain trends were-established'in.the eight tests. With an in-

creasing temperature difference, either positive or negative, the air

‘change rate increased. The day condition tests of the second group of -

tests (tests Room 3 and Single 3) had air change rates greatér than
similar tests of the first group (tests Room 1 and Siﬁgle 1). fhis
-wés'to.be.expected'since thére was moderate occupancy ﬁraffic‘in and
out of.the building dufing}test Room 3 and light traffic‘duri;g.test
Single 3, while‘there‘was little or no traffic during tests Rbom 1 and
Single i. The air change rate was of course greatly jnc;éased thle

the ventilation fan was operating. The air change rate measured by the

tracer gas technique while the ventilation fan were running approxi-

mated the air change rate calculated from pressure measurements obtained

-from an air .flow device in the ventilation duct. On the average, the



Table 7. Summary of Data

Air Change Tempetaturé " °F Wind
Rate : . - VEL DIR DIR Static Pressure
Test . N cfm ID DB° OD DB . AT _mph ° Inches of Water
~ Room 1 | 2.23 ‘1490 77.9 70.0. R _; <1.0 53 NE 0.028
Single 1 2.28 1520 - 71.7  67.0 90.7 . <1.0. 57 ENE 0.029
Room 2 0.62 417 77.5 640 13;5' <1.0 . 348 NNW 0.006
single 2 0.62 412 76,9  6L.3 15.6  <1.0 352 N 0.002
Roon 3 2.64 1765 78.6 oL 132 <l.0 255 WSy 0.024 |
 Single 3 2.49 1661 79.0  84.0 - 5.0 <L.0 254 WSW 0.026
_ Roon 4 0.66 = 442 78.6 78.8 ~ = 0.2 <10 “273 W 0.008
Single 4 0.57 a8 78.1° 74.5 . 3.6 <1.0 302 W 0.005

. 8¢
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‘tracef gas~techn§que gave yalues 10 percent less than the 1780 CFM
'ob;ained from the ventilation'dﬁct measurément. The 1780 CFM valﬁe
isAquestionable due fo an insufficient straight duct lengﬁh for mea-
suring purﬁoées.

There is close agreeménf betwéen values obtained by the siﬁgle
point sample méthod and values obtained by Lhe weighted zone_&alues.
ﬁy comparing Room l‘with'Single'l, Room 2 withASingle 2, étc;, it is
seen that ﬁhe 1argést differeﬁce in ai; change rateé is onlyAO;ISQ
Thi§~di£ferenge is_betweeh tests Room 3 and‘Single 3 can be exﬁlained
by more qctupant acfivity and a 1argef temperature &ifference for test
:Room 3.‘4Inspection of Table 3 through Table 6 shows théttthe air
' chaﬂge réte for Zone 13 yaries fréﬁ the weighted.value by an average
of iesé than 0.1 air change pér.hour, and for three of the four tegté»

'the'average varieé less than 0.02 airjéhange per hour.

6.3 Sources of Error
The straight line deconcentration relétionship used assumes per-
“fect mixing within ﬁhe%Spacewandianreentrdef*tracer*gas.' If poor
mixing is'a~pfbbleﬁ a ;urvedAplot ofv;he log of concentration versus
timé wili.be obtained, which was pot the case for these tests.

.frrors in conceﬁtration_measurement could also occur dug ﬁo in=
adeduate flushiﬁg pf the air sanpling equipment. Sufficieﬁtly high
flow rates reduce this source of error although leaks in the‘val§ingl
networks will cause mixing of>zone samples leading to erroneous read-
.ings. Inspection of the room'tests shbwé this to be at most a secondary

source of error.
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Drift in instrument response with time proved to be a problem.
That is the reason for numerous calibration readings and the calibra-

tion technique expléined in Sectioh 4.1.4. This problenm was not

totally alleviated as illusﬁfated'by the pronounced sinusoidal (but
of low amplitude)<decay_réte plot for test Single 2 (Figure 9). This.
Vsiﬁusoidal-effect'was prodﬁéed by uging é different calibrétion equa-
tion fér:eachlseven and eight ﬁinute segments. By:usihé the.t&o%_l_
- pdinﬁ»éaliﬁratidﬁ system dgscriﬁed and calibraﬁing the instrumgnt ﬁith
ssufficient‘freqUency,.ﬁhe'error caﬁégd byfmét#ine-drift~caﬁ.be.mini—

mized.
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7.0 CONCLUSIONS AND- RECOMMENDATIONS

7.1 Conclusions
Air change measurements were made on a one-story office building

using- -SF, as a tracer gas.. Testing was conducted within a forty¥eight

6

‘hour period and theAéxperimental equipment and procedures ﬁroved'satis—

factory. Testing was carried out with only limited inconvenience to

the building occupants.
Fop-thi37particular‘ﬁuilding, close agreement was demonstrated

betwéen air change rates determined by the single-point return air

sampling and the multi-point zone sampling techniques.

Due to an insufficient number of tests, no correlation between

temperature difference, pressure difference and the air change rate

“could be made. However, expected ttends were confirmed.

The problem of machine drift on the portable gas chromatograph
was overcome by a calibration technique devised by the author. This

technique proved quite suitable, giving confidence to measurements

taken.

7.2 Recommendations

“The major emphasis of this tﬁesis was -on ;efining a technique uséd_
td measure the air change rate in buildings. The present energy situa—
tion make§ air cﬁange r;te studies not only timely buﬁ‘necessary. Air
chanée rate meésurements are ﬁeeded for all buiiding types. 'With'this
knowledgé, ahcurate evaluations céﬁ be made to determ;ﬁe:suitablé'
ventilation rates with respect to eﬁergy use and comfort.

Although the automatic air sampling-network pro&ed quite versi-

tile, it necessitated an intermediate diaphragm pump to draw sample
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air out of the lower header due to the reducéd pressdre within the
header. A redesign of the venting system oﬁ the sample headér would
.élleyiate the need fqr'this.pﬁmp, For éingle;point saﬁpling a small
diaphragm pump-and length 'of pipe-is all that is necessary-to draw
sampie éir‘to the test station.

‘ The’tecﬁnique described in th;s thesis performgd quite satis—’

" factorily. and is highly recommended £6r making air-ch&nge'meaSureﬁents.'
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APPENDIX
" LEGEND FOR APPENDIX
, CAL(PPB)A T : . - galibration gas concentrafion, parts
‘ per billion SF6 in air
'-TiME< ‘A _ - elapsed time in hours .and minutes .
' (MDST)
HIN‘ S . X B = -elapsed time in minutes
CNT A ' S T - count,.referring'to the ls—minute data
' ‘ "~ blocks : ‘
scQv) . : . =.  standing current in.milli—volts a
PH(MV) ‘ o - peak height in milli—volté
'RATIO PH/SC. R - peaks height divided by standing
S " current o :
ZONE 2 o . - refers to Building zone numbers
CONC- (PPB) S ' © = concentration, parté per billion‘SF6-

- in air

Concentration data for each of the eight tests follows in the order
tests were taken. Other pertinent data for the tests appear in Table 2
and Table 7. '




CAL
(PPB)

12.4

12,4

12.4

TINE

2108
2109
2110
2111

2112

2113

2114

2115
2116
2117
2118
2119
2120

2121
12122

2123
2124
2125

2126

2127
2128
2129
2130
2131
2132
2133
2134
2135

. 2136

2137
2138
2139

- 2140

2141
2142
2143

2144

AR RERBRERERRRKRERE

"MIN

VENANEWN =

ROOM1

22T E R LRI E L 2

CNT

CONNANE WN =

sC
(#vy

18.05

18.10

18. 10
18.10
'18.05
18.05
18.05

18.00

18.00
18.00
18.00
18.05

. 18.10
- 18.15

18.15
18. 10
18.20
18.25
18.30
-18.40
18.40
18.45
18.50

18.55 -

18.65
18.75
18.80
18.90

18.90

18.95
19.10
19. 20
19.25
19.40
19.40
19.50
19.60

PH
(uv)

' 7.10

2.00 .

"5.40
3.05
3.30
6.70

- 2.80

13.50
3.80
3.30
4.10
4.10

5.55

5.10
4.50
7.10
4,80
8.85
5.80
5.60
5.80
6.70
14.20

8.55

8.30
9.25
9.30
9.30
8.00
7.75

7.85

9.90
13.20
10.35
10.40

9.55
11.40

RATIO

PH/SC

0.3934
' 0.2983

0.1685
0.1828
0.3712
0.1551
0.7500
0.2111

© 0.1833
. 0.2278

0.2271

0.3066

0.2810
0.3923
0.2637
0.4849
0.3169
0.3043
0.3152
0.3631
0.7676
0.4609
0.4450
0.4933
0.4947
0.4921
0.4233
0.4090
0.4110

0.5156

0.6857
0.5335
0.5361
0.4897
0.5816

ZONE

VWON VTS WN =

47

' CONC

(PPB)

28.73
15. 96

23.31
© 22.26

13.15
24.37

20.34

22.15
19. 36

- 19.40

15.56
16.67
18.28

17, 31

- 9,78

15.04
15.54.
15. 11
13.36

10.88

-11. 34

9.97
9.94

- 10.01

12.01
12.46

9.34
5. 49
8. 88
8. 81

10.04
7.71



CAL
- (PPB)

120“ :

12. 4

 TIME

2145

. 2146
2147

2148

2149

2150
2151
2152

2153

2154

2155
2156

2157

. 2158 .

2159

"2200

2201
2202

2203

2204

2205

2206
2207
2208

MIN

38
39
40 -

41

43
44
45
46
47
48
49
50
51

52

53

. 54

55

56

57
58
59

60
61

42

ROOM1

e 3 3 3 ok 23 o e ook ok ko ok
A 3 v e e e sie e ok ek G xe g e 3 ok

CRT

CONAOAVNMOWN=2OFWNAO0OV®

SC
(av) .

19.60
19.75
19.80

©.19.90

19.95
20.00
20.00

20.20

. 20.30°
20,40

20.50
20.60
20.60

20.65
1 20.75

20.80

20.90.

20.95

.20.95

20.95

- 21.05 -
21.15

PH
(uv)

14.90
12,90
13.45
13.30
13.15

13.80

8’. 85

14.30.
15.95

14.80
15.65 .
- 15.25
15.80

17.00

17.20

17.10
16.50

"17.65

17.45
. 9.55

(CONTINUED)
RATIO = ZONE
PH/SC
0.7602
0.6532 y)

. 0.6515 '8
0.6759 =~ 9

. 0.6667 10
0.6575 11
0.6900 12
0.4381
0o.7044 1
0.7819 2
0.7220 4
0.7597 5
0.7403 6
0.7651 -
0.8193 7
0.8053 8
10.8230 9
0.8162 10
0.7876 11
0.8425 12
0.8290 13
0.4515

48

~ CONC |
. {PPB)

6.38
- 6.82
'5.87

6.29

5.56

5,33
'3.78

4,96
4,21
4,59 .

3.02
3.29

- 2.95
3.08
3.6“
2.58

o 2.8“




CAL
(PPB)

1204

2.4

12. 4

TIME

2311
2312
2313

2314

2315 -
2316

2317
2318

2319

2320
2321
2322

2323

2324
2325

2326

2327
2328
2329
2330
2331
2332
2333
2334
2335

- 2336

2337
2338
2339
2340
2341
2342
2343

2344

2345

2346

2347

"MIN

N’J-ﬂ-&d.ﬂ—bd-ﬂ;&d~ ' '
= OWVWAONONNEWNQOVONANEWN

NNNNNNNN
~SNANEWN

WwwwWwhoNn
FEWNawOUOV®

www
oy

SINGLE?1

AR RARE IR R TR KKK KL
ok oo ool oo ol ok o o ok o

"CHNT

>
-—d

-t o b o
- NEWN

- aa .
NONMPFWNQDAONFOOO0OOOONOWVISWN

- ‘
CUYBUINANEWN

sC
- (BV)

21.50
H213551-
21.60

21.65
21.70
21,75
21,89
21,80
21.90
21.95
22.00

22. 00

22.00

22.00°

22.10
22.20

22.20
122.25
22.35
’ 22.“0
22.40

22.40.

22.5¢
22.60
22.60
22.65
22.75
22.75
22.75
22.80
22.80

PH
(&1v)

- 9.45
7.70
8.00
8.25

8.65

8.90
9.35
16.80
10.05

10.“0 :
10.70

11.00

11.30

11.60
11.95
10.10
12.40

. 12.80

13.00
13.40
13.65

13.90
17.35

15.65

16.00

10.70

"16.30
16,65 -

16.90
17.10

17,40

17.60

RATIO

PH/SC

" 0.8395
. 0.3573
03704 .

0.3811

0.3986 .

0.4092

0.4271
0.7706

0.4589
0.4738
0.4864
0.5000
0.5136
0.5273

. 0.5407

0.4550

- 0.5586
- 0.5766

0.5843
0.5996
0.6094

0.6205

0.7746

0.6940

0.7080
0.4735
0.7196

0.7319 -

0.7429
0.7516
0.7632

. 0.7719

49

CONC

(PPB)

15.46

14.93
14.51 -
13.84
13.46
12.82

12.27

“11.76
11.35

10.91
10.49
10.08
9,68

9.20
8.71 -
8.50
8.09

- 7.84

7.56

5.95
5.62

5.29
5.00
4,75
4,55
4.29
u.10



" CAL

- (PPB)

" o 12,8

" TIME

2348
2349 -
2350

2351

2352

2353
2354
2355

12356

MIN

38
39
40
41 -

42
43 -

4y
45
46

" SINGLE1

otk ook ko kokokkok K
SRR AR RRERRK KA EXFR

CNT

10
11
12

13

14
15

sc
(V)

22.80
22.80
22.90
22.90
22.95
22.90
22.90
23.00

23,00

PH
vy

17.60
- 17.85 .

18. 10

18.20

18. 40

18.50

18.90
11.00

50

(CONTINUED)
RATIO  CONC
PH/SC (PPB)
0.7719 - -

-0.7829- - 3.85
0.7908 3.69
0.7948  3.59
0.8017  3.44
0.8079 3.31
0.8144 3.17
0.8217 3.02
0.4783 -



12.4

12.4

137

138
139
140
141
142
143
144
145

146 .

147
148
149
150

151

152
153
154
155
156
157
158
159
200
201

202

203
208
205
206
207
208
. 209
210
211
212
213

J N .
COVBNOUVEWN = -

MIN

-—h
—-h

ISESESE SHENESE N
ANE WO

[ 8]
-3

- ad b wd wd cd b b
VOSSOV WN

CNT

)
-—d

o
QUVWOSNOOTUVEWN-

b oud wd b =ab : - —d o
SNONBUWNLQOFWN@OOONOANEWN0 8 WN

ROOH2
BRRRREERERA KRR AR

FAXENEERRER XK RKERRD

SC
(av)

18.75
18.85
19.00
19. 10

- 19.20

19.30

19,40

19. 40

19.55
. 19.60

19.70

19.80 -

19.95

©19.95
20.15

20.20
20.30
20. 40
20.50

.20.60

20.60

20.70 -

20.90
©21.00
21.05

21. 20
21.20

21.40
21.45
21.50
21.60
21.70
21.80
21.80

PH
(uv)

6.40

- 3,25 -

4,35
3.35

- 3.65
"‘015 :

3.95
14.15
4.95

4.85 .

5.10
5.40
8.80

5.85
1.65

5.60

6.10
5.70

5.80
6.35
6.20
15.45

7.15
7.35
7.50

11. 00
8.20

9.00
8.20
8.50
8.00
8.00

8.60

RATIO
PH/SC

0.3413

0.1724
0.2289
0.1754
0.1901

10.2150

0.2036
0.7294
0.2532
0.2474
0.2589

0.2727

0.4411
0.2932

0.3797

0.2772
0.3005
0.2794
0.2829
0.3083
0.3010
0.7464

"0.3421

0.3500
0.3563

. 0.5189

0.3868

0.4206
0.3823
0.3953

0.3687

0.3945

0.3945

ZONE

NooWwoy oUswNn -

OONE WN Q-

10
11
12

AU EWN -

51

CONC
(PPB)

"'190 86

16.77
19.68

-18.80

T17.45

- 18.05

17.55
17.85

17.27

16.61

10.49
15. 69

15.27

16.17

16.01
14.96
15.25

15.39
15.06
14. 80
9.36
13.61

13.74
13.27
14.18
14.25

- 13.30

13.30



CAL

(PPB)

12.4

12.“

12.4

TIME

214
215
216
217
218
219

. 220

221

222
. 223
224

- 225
226
227

- 2287
229

230

231

232
233
234

235

236

237

238
239
240
241
242

243

244
245
246
247
248
249
250
251
252

MIN

38
39

“ 40

41
42

43

44
45

46 -
47

48
49
50
51
52
53
54

55

56
57
58
59
60
61
62
63
6

65 ..

66
67

68 ..

69
70
77
72

73

74

- 75

76

' ROOM?2

3 o o 2k v 3 2 e ok A ok Kok Rk K
L EE LRI L E LR LS

CNT

o ad b b
WSOV

-t
-

-t . -t
OCWRAJONEWNL2O0F

SC

21.85 -

21.70

21.80 -

21.90
21.95
21.95
21.90

22.15°

22.20

. 22,20

22.25

22,40

22.40

. 22,40
22.50
- 22.60

22.60
22.65
22.70

22.75l

22.70
22.85
22.90
22.95
23.00
23.00

23.05.

23.15
23.20
23.20
23.20
23.30

23.30

23.35
$23.35
23.30

23.40

(8v)

16.60

9.25 .

9.25
9.50
9.60
13.60
9.85

9.75
10.00
10.35.

9.80"

9. 80
10.60

10.40
17.25

11.20

11.15
11.40

11.45

15.45

12.00°
11.80
10.40
11.75
12.00

11.45
12.05

12.00 -

17.75
12.80
12.70
13.00
13.15
18.20
13.70

10.90

(CONTINUED)

RATIO
PH/SC

0.7597

10,4263 .
0.4243

0.4338
0.4374
0.6196

0.4498

0.4402
0.4505

0.4662

0.4404
0.4375
0.4732
0.4643
0.7667

0.4956 .

0.4934
0.5033
0.5044
0.6791
0.5286
0.5164

0.5120
0.5217
0.5000
0.4967
0.5205
0.5172
0.7651
0.5517
0.5451
0.5579
0.5632
0.7794
0.5880

0.4658

Z08E

CONC
(PPB)

"12.89

12.96
12.62
12.50

7.20° .

12.07

12.05

11.54

12.39
11.32

11,60
11.01

11.08
10.77
10. 74
6.02
9.99
10.36

10. 49
10. 19

" 10.97

10.23
10.33

9.57
9.77 .
9.38
9.22
3,79
8.50



CAL’

(PPB)

12.u

12,8

12.4.

TINE

- 331

332
333
334
335
336
337
338
339
340

341

342
343
344

345

346
347

- 348

349

350

. 351
352
353
354
355
356
357
358
359
400

401

402
403
404
405
406
407

R v
CWVWRdANEWN -

WWWWWWWWONNNNNNN D
NOUNFWNAOoOVOARUFE LN o

‘MIN

-t
—h

N ocd od cd b o b ok b
OVvwONOTBEsEWN

SINGLE2

hEEEEE L RS T2 22 L T 2L Y
LR LR R EEEE 22T TP

CRT

- s - .
N OWOWOIdAOANNEWN -

-
(")

sc
(8v)

20.05
20.20
20. 20
20.10
20. 05
20.00
20. 00
19.85
"19.90
19.90
19.90
19.90
19.90

19.95
19.90

19.90

‘19,95

- 20.00
20.00
20.10
- 20. 15

20,20 .

20. 20
20.30
20. 40
20.40
20.50
20.50
20. 60
-20.60
20.65
20,80
20.85
20.95
21.00
21.00
21..05

PR
(1v)

8.10
5.30

- 5.15

5.20
5.05
'5.00
14.90

5.00

5.05
5.15
5.15

5.20
- 5.30

5.30
7.60
S.40
5.45
5.70
5.80
5.75
5.80

15.10 .

6.25
6.40

. 6.45

6.60
6.80
6.85

. 7.05

8.35
7.25
7.40
7.60
7.80
7.95

RATIO

PH/SC

0.4040

0.2624

0.2550

0.2587
0.2519
0.2450
0.2500
0.7506
0.2513
0.2538
0.2588
0.2588
0.2613
0.2657
0.2663

0.3819

0.2707

.0.2725

0.2850
0.2886
0.2854
0.2871
0.7475
0.3079

0.3137

0.3162
0.3220

- 0.3317
. 0.3325

0.3422
0.40u44

0.3486 -

0.3549
0.3628
0.3714

0.3786

0.3848

53

- CONC

(pPB)

18.18
18.57
18.37
18.73
19.10

18.83

17.54

17.42

17.18
17.18

16 .86

16.83

16.65
16.57
16.02

. 15.86

16.00
15.93

16.08
15.83
15.72.
15.48
15.08
15.04
14.66

14.37
14.13
13.84
13.53
13.27
13.06



12. 4

12.4

TIHE

408
409
410
411
412
413
414
415
416
417
418
419

420

421
422

423

424
425
426
427
428

. 429

430
431
432
433
434
435
436
437
438

439"

440

- 441

442
443
bay
445

HIN

38
39
40
41 -
42 .

43

4y

45

46
u7
48

49

S0

51

52°
53
54
55
56
57
58.

59

60

61

62
63
64
65
66
67
68
69
70
11

72

73
74
75

SINGLE2

2% ERBERR AR KRKK KX
Rk xRkl okkRk fkkrkkk

CNT .

sC

(nv)

21.15
21.20
21.35

21.40
21.40

21.55

21.55
21.60
21.80
21.80
21.90
21.95
22.00

22,05 -
22.15

- 22.20
22.25
22.40
22,80
22.45

- 22.55
22.55

. 22.60
22.70
22.80

22.85

22.90
22.95
23.00
23.00
23.15

23.15

23.20

23.25

- 23.30
23.35
23.30
23.40

PH
(1v)

16.00
8.30
8.60
8.70

8.80 -

8.90
9.05
9.10
9.00
9.35
19.60
9.55
9.70
9.95
10.05
16.75
10.25
10.60

10.90

.11.00

11. 20
11.35
10.05
11.75
12.00
12.00
12. 10

12.15

12.25
17.50
12.55
12.50
12.65
13.00

13.05

13.20

13.40

0.5726

54

(CONTINUED)
RATIO CONC -
PH/SC (PPB)
0.7565
0.3915~ - 13.13
0.4028 12.74
0.4065 12.61
0.4112. 12,45
0.4130 12.39
0.4200 12.16
0.4213 12.12
0.4128

0.4384 11.57
0.4351 11.68
0.4409 11.49
0.4512 . 11.18
0.4537 11.10
0.7545 B
0.4607 11.78
0.4732 11.36
0.4821 11.07
0.4855 10.96
0.4878 10.89
0.4967 - 10.61
0.5022 10.44
0.4427

0.5154 10.04
10.5252  9.75
0.5240 9.78
0.5272 9.69
0.5283 9.66
0.5326 9.53
0.7559

0.5421 9.85
0.5388  9.96

- 0.5441 9.79

' 0.5579 9.36
0.5589 9.32
0.5665 9.09

8.91



CAL
(PPB)

12.4

TIAE

446

447

448
449

. 450

451

. 452

453

MIN

76 .

17

78
79
80
81

.82

83

SINGLE2

£ o 0 oo o g ook ook ek ook ok ok
AR XA REBR R RXERXEEE

CNT

ONOAUNE WK =

- 8C

(HV)

23.40

23.50
23.50
23.60
23.60

23.65

- 23.70
23.65

- PH

- (nv) .

10.95
13.30
13.55
13.55

- 13.65
13.85

14.00
18.20

55

(CONTINUED)

RATIO. CONC
PH/SC.. - (PPB)
0.4679

- 0.5660  9.23
0.5766 8.92
0.5742 8.99
0.5784  8.86
0.5856 - 8.66
0.5907 8.51
0.7696



CAL
(PPB)

12. 4

12.4

12,4

1721

1750
1751

TIME

1717
1718
1719
1720

1722
1723
1724
1725
1726
1727

1728

1729
1730
1731

1732

1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1783
1744
1745
1746
1747
1748
1749

1752
1753

g
N -

w .
i~

MIN

- ‘ .
COQUVWONOUNEWN

WWWWNNNNNNNNNNND @ Wl
WNaOOoOWOENdAOAUNFWNGBQOVLVONAIANFW

www
~N o u

ROOM3

EEE SRR R 2L Rk LE R L R
LR L LR EL LR L R EL RS

CNT

VONOOTNEWN

scC

PH

vy vy
17.75  7.20
17.85  2.20
'17.95 7.80
18.00 = 4.80.
18.05 5.00
18,20 4,90
118.20 ' 4.80
18.25 11.95
18.25  5.85 "
18.40  4.90
18.45  6.20
18.55 6.00
18.60 . 6.40
18.60 . 7.70
18,80 .. 7.70
18.80 _ 6.60
.18.85 14.60
19.00 7.60
13,00 7.15
19.15  7.90
19.20 - 8.20
19.20 13.55
719.25 11.05
19.40 10.60
19.40 11.50
19.50 11.30
19.60 10.30
19.60 12.30
19.80  8.40
19.90 11.45
20.00 17.10
20.00 11.65
20.50 11.75
20.20 12,90
20.20 12.60

RATIO .
PH/SC

0.4056
0.1232

0.4345

0.2667

0.2770
0.2692
0.2637 -

0.6548

0.3205
0.2663 .

0.3360

0.3881
0.4140

0.4096
0.3511

,0.7745

0.4000
0.3763
0.4125
0.4271
0.7057
0.5740
0.5464
0.5928
0.5795
0.5255
0.6276

0.4242
0.5754

0.8550
0.5825

0.5732
0.6386

0.6238

. ZONE

(
o _
CVWEON ONEWN -

b add
N -

AN EWN -

- b b ) '
TN OWVEN ONEWN

56

CONC
(pPB)

“11. 21
. 19.67
19.01

19.50

19.86

16. 74
20,02
"15.90
16.57
15.48 -
12.21

18.75
2.68

. 12.76

13.69
12.29
11.76

7087

8. 27 ;

6.94
7.31
. 8.91

7.81
1.84
7.62
7.86
6. 20
6.59



57

- (CONTINUED)
ROOHN3 . ,
® pkakakokoR % ok ok ok ok ok
NYIItIIIE TR 221 L
-CAL TINE MIN CNT scC . PH .RATIO ZONE COXNC
(pPB) - - » (#av) . (uv) PR/SC. . . ({pPB)
4.1 1754 38 8 20.25 14,90 0.7358 :
.o 1755 39 - 9 20.40 15.20 0.745Y - 7 " 3491
1756 40 10 20.40 14,95 0.7328 8 - 4.1¢6
1757 41 1 20.50 15.45 0.7537 9 3.73
- 1758 42 12 20.60 15.45 0.7500 10 " 3.80
- 1759 43 i3 20.60 14.85 0.7209. 11 4.42
1800  u4 14 20.60 15.80 0.7670 12 3.46
- . 1801 45 15 20.60 15.50 0.7524 13 - 3.75
12. 4 1802 46 1 - 20.80 8.95 0.4303 -
1803 . 47 2 20.85 15.75 - 0.7554 1 3.97
©.1804 48 . - 3 20,95 19.00 0.9069 2 1,23
-1805 " - 49 4 . 21,00 15.65 0.7452 3 8,17 -
1806 50 5 . 21.00 .16.00 ~ 0.7619 -4 3.88
1807 5T 6 21.05 16.80 -0.7981 5 - 3.14
© 1808 - -52 7 21.10 15.00 - 0.7109 6 4,88
4.1 1809 53 8 21.10 15,80 ~0.7488 O
' 1810. 54 9 21.20 17.90 0.8443 7 2421
1811 55 10 21.25 17.75. 0.8353 8 2.38 .
1812 56 11 21.25 18.20° 0.8565 9 1. 99
1813 57 12 21.35 18.20 0.8525 10 2.06
. 1814 © 58 13 21.40 17.85 0.8341 11 2.40
1815 59 14 21.40 -18.50 0.8645 12 1.84
1816 60 15 21,40 '18.40  0.8598. 13 1.92
1 ,

12,4 1817 61 21.50 . '9.50 . 0.4419



CAL .
(PPB)-

12,4

12,4

12..4

TIHXE

1907

1908

1909
1910

- 1911

1912
1913
1914
1915
1916

1917
. 1918
- 1919
1920

1921

1922
11923
1924

1925
1926
1927

1928

1929

-1930
1931

1932
1933
1934

.1935

1936
1937
1938
1939
1940
1941
1942

1943

MIN

N cd od b ad od b od e b =
OCWVWONAOAMEWNSDOOVWOINOTNUNEWN -

(NY YN
W N -

WNNNNRNN
ocLvONAWNE

wwwbw
N & W

ww
~ O

SINGLE3

FTETEEETEEE RSS2 2 28 0
By d oy kol ok ok ok ok ok ok ok

CNT

-
(V]

- o - d = ok - b

sC- -

18.05

- 18.15

. 18.15
7 18.20
18.20
18. 20
18. 20
18.15
18.25
18. 30

18.40

- 18,40
"~ 18.50
18.60
18.60
18.65
18.80
18.85
18.90
19.00
19.00
19.05

19.20.

19.20
19.25
19.40
19.40
19.50
19.40
19.60
19.75
19.80
19.80
19.90
19.95
20.00

Cquv) -

PH
(uv)

-5.90
4,20
4.20
4.30
4.55
4.65

5.05 .

12.90
5.70

6.15 .

6.55

" 6475

6.90

7.90
8.45
8. 8.0
9.20

9.50

9.90
13.60
10.45

11.00
11.40

11.60

11.90
12.15

7.20
12.85

13.10

13.35

13.60
14.00
14.30

RATIO
PH/SC
0.3269
0.2314
0.2314
0.2363

0.2500
0.2555

0.2775 -

0.7107
0.3123

0.3115

0.3342
0.3560
0.3649
0.3730
0.3925
0.3360

- 0.4236

0.4668

0.4868 .

0.5000
0.5211

0.7139 -

0.5443
0.5625

0.5714

0.5876
0.5979
0.6103
0.6263
0.3673
0.6506

0.6616 .

0.6742
0.6834

-0,7018

0.7150

58

- CONC

(PPB)

16.09
16.09
15.87
15.27
15.03
14.15 -

13.21
13.24
12.46

11.76
- 11.49
S 11.24

10.68

9.85
9.19
8.78
8.32
8.02
T.57

T.49 -
7.08
6.88
6.53
6.31
6.06
5.74

5.28
5.07
4.83
4.66
u.33
4.10



CAL
. (PPB).

12.“

TIME

1944
1945

- - 1946
1947

1948

1949
1950. -
- 1951
1952

‘AHIN

38
-39

40
41

42
43

4n
45

'as»

SINGLE3

3T EETEERIE S LS
(E R R LR ER L L L2 L)

CNT

10-

11

12

13
T
15

sC
. (MV)

20.00
20.05
120,20
20,20
20.35

20,40
20,40
C 20,40
- 20.60

PH
(mv)

14.30
14.80
15.00
15.15
15.45
15.60
15.85
16.05
"8.00 .

0.3883

59

(CONTINUED)
RATIO . CONC.
PH/SC  (PPB)
0.7150 |
0.7426 . 3.59

+ 0.7500 3.45
0.7592 " 3.28
0.7770 2.97 .
0.7868 2.80



" CAL
(PPB)

12. 4

12,4

12.4

TIME

2025 .
2026 .

2027
2028

2029

2030
2031
2032

2033

2034
2035
2036

12037
2038

2039
2040

2041

2042
2043
2044
2045

2046 .

2047
2048

2049

2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2100
2101

WWwwNN
N=2OOVD

MIN

N wb b b b b b =B b b b - :

NN
N -

NN
nneEW

NN
~N O

www
[So ¢ R V¥]

W W
~ O

SRIBRAEE KBRS RERERE

ROO MY

o o o o o e ofe ook el ok dk Rk kK K

- CNT

CONAUNE WN -+

sC

(av) .

20.05

20.05
20.00
20. 00
20.00

20.00 -
20,05

20.05
20.05
20.10

20.20
20. 20
20.20.

20. 20

. 20.20
20.35

20.40
20.40
20.50

- 20.60
20.60

20.70
20.80
20.95

©21.00

21.00
21.20
21,20

21.40

21. 40

21.45 -

21.60
21.60
21.75
21.80

PH
(nv)

7.15
7.15
8.10
8.00
8.00
7.65
7.95
14.00

7.95

7.65

8.30
8.80
8.55
7.20
8,75
10.00
8.85
8.90
9.50
9.15
14.65
10.00
9.90
10.30
10.60
15.50
10.80

8.20
11.20
12. 35
11.10
11.00
11.55

11,40

RATIO

‘PH/SC .

0.3566
0.3566

0.4050

0.4000

0.4000

0.3965
0.6983
0.3965
0.3806
0.4059
0.4109

- 0.6733

0.4356
0.4233

- 0.3538
0.4289 -

0.4902
0.4317
0.4320
0.4612

0.4420 .
. 0.7043
0.4773

0.4714
0.4905

'0.5000

0.7311

0.5094

0.3832

0.5234
0.5758
0.5139

0.5093
0.5310
0.5229

ZONE

NN W -

VON ANEWN =

60

CONC
. (PPB).

12.40
10.83
10.98
" 10.98°
11.53

11.09 .

11,51
10.72

10.57 -

4,55

9.86

10. 21

-10.08
"Be 47
10.00
9.99
9.20
9.72

"9.41
9.58
9.03

- 8,77
3.59
8.52

- 8.28
7.02 "
8.53
8. 64
'8.09
8.30
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: , (CONTINUED)
-ROOMY 2o
B ok ok ke ok ok Kk ok
BRI L P I TR S L
" CaL " TIME MIN CNT SC PH . RATIO ZOHB~, CONC -
(PPB) : - (MV)  (MV)  PH/SC ) .. . (PPB)
4,1 2102 38 - 8 - 21.85 15,70 0.7185 . : B
- 2103 39 9 21.95 12.00 0.5467 = 7 - .8.08
2104 40 10 22.00 11,90 0.5409 8  8.23
2105 49 11 22.05 12.50 0.5669 - 9 . T.55
2106 42 12 22.20 12.75 0.5743 10 7.36
2107 43 13 22.20 14,00 0.63085 . 11 6.00 . .
2108 a4y - 14 22.20 -12.85 0.5788 12 7.25
_ 2109 45 15 22.20 12.80 0.5766 13 7.30
12. 4 2110 46 1 22. 40 9.10 0.4063 S ,
: 2111 47 2 22.40 " 12.85 : 0.5737 1 “T.48-
2112 48 3 22.50. .14.10 0.6267 2 6.23
2113 . 49 .4 22.60 12.95 0.5730 3 - 7. 50
2114 ‘50 5 22.60 12.80 0.5664 Sy " 7.67
2115 51 6 - 22.65 13.60 - 0.6004 .5 6.84
4 ‘ 2116 . 52 7 22,70 13.45 ° 0.5925 6 - T.02
4.1 2117 S3 8- . 22.75  16.55 0.7275 , B
: 2118 - 54 9 - 22.80 14,10 0.6188 -7 6.54
2119 55 . 10 22.85 14.00 .. 0.6127 8. . 6.68
2120 .56 11 22.90 14,40 0.6288 9 6.29
2121 57 12 22.95. 14,50 0.6318 . .10 T 6.22
- 2122 58 13 23.00 15.40 0.669%6 11 5.35
2123 59 14 23.00 14,75 0.6413 12 6.00
. 2124 60 15 23.00 - 14.50 0.6304 13 . 6.26
12.4 . 2125 . 61 1 S B

23.15 - 9.70 . 0.4190



CAL

(PPB)

12. 4

S 12.4

12.4

TIME

2259

2300
2301
2302
2303

2304
2305

2306
2307
2308
2309

2310

2311

- 2312

2313

2314

2315
2316

S 2317

2318
2319

- 2320

2321

2322

2323
2324
2325
2326
2327
2328
2329
2330
2331
2332
2333
2334

CENAVEWN =

" MIN

SINGLEY4

bbb bR L AL L L L L Lt L
o 2 2 o e e e o ool ok ok ok ok Xk Xk

CNT

VONANE WN =

- sC
(nv)

20.20
20.20
20.15
©20.10
20.05
- 20..00
20.00
20.00
20.00
120.00

20.00"
20.00

20.05
20,10

20.05

. 20.20
20.30
20.35
20.40
20.40
20.45
20.50

- 20.60
20.65
20.80
20.80
20.80
20.80
21.00
21.00
21,05
21. 20
21.20
21.30

21.40

. PH
(av)

6.75
- 620
6.00
5.85
6.10
6.00
6.00
13.60
- 6.00
6.20
6415

" 6020
6.040.
6.40-

6.50
6.80

6 ."7 0

6.85

7.10
7.00
7.20
14,20
7.60
7.70
7.75
8.00
© 8405
8.20
8.25
7.55
8.55
8.60
8.60
8.95
9,10
9.10

RATIO
PH/SC

0.3342
0.3069
0.2978
0.2910

- 0.3042

0.3000
0.3000
0.6800
0.3000

-0.3100
" 0.3075

0.3100

0.3192
.0.3184
0.3234
0.3392

0.3317
C.3374
0.3489
0.3431
0.3529
0.6944

0.3707

0.3738

. 0.3753
1 0.3846
0.3870

0.3942
0.3966
0.3595
0.4071
0.4086
0.4057
0.4222

0.u4272

0.4252

62

COKC
(PPB)

13.40
13.75
14.02
13.50
13.66
13.66 -

13.87
13.47
13.57

- 13.47

13.13.
13.16
12.97

12.66

12.07
12.27
11.94

12.01
11.91
11.86
11.55
11.47
11.24
11.16

10.87
10.82

- 10.91

10.42
10.33



CAL

- (PPB).

TINE

2335
2336
2337
2338

2339
2340

2341
2342

23473
-2344

2345

- 2346

2347

2348
2349 -
2350

MIN.

37
38
39
40
41
42

4y
45
46
47

48

49
50
51

‘52

43 .

SINGLE4

S L2 TR EE LT 2L
EXFFHRRBXRRERRRR RN

CNT-

10

1

12

.13
14

. A C -
S ONOANEWO 4L

. SC
(uv)

21.40
21.40
21.50
21.60
21.60

21,70 .

21..80
21.80
121.80

22.00

22.05

22.20
T 22620

©22.25

22,30

(¥V)

15.10

9.30
9.60
9.70
9.80

10,15 -

10,15,
10. 10"
8.30

10.60
10.60
10. 65
10.95

11.10
15.80

63

(CONTINUED)

- RATIO CONC
PH/SC {PPB)
0.7056 '
0.4346 10.62
0.4465  10.26
0.4491 10.18
0.4537 10.04
0.4656 9,69
0.4633.  9.76
0.3807 |

- 0.4807 .. 9.28
0.8797 ~ 9.31
0.4932  8.94
0.4989
0.7085-

8‘791”, 



