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ABSTRACT

Two several-day integrated ventilation tests using passive perfluorocarbon tracer (PFT)
technology were performed on a 4-story college campus building operated with 5 air handling
(AH) systems in the core and individual units in the perimeter. The HVAC system performance
for this demonstration was confined to the 4 core AHs that were operating -- AC2 and 3, which
handled the west and east halves, respectively, of floors 2, 3, and 4, and AC4 and 5, which each
handled individual lecture halls on the second floor. Local ventilation was assessed in 13 rooms
during the second test by deployment of a PFT source in each room as a surrogate pollutant
source for local emissions such as CO; from the breath of occupants.

The infiltration, exfiltration, and air exchange rates measured for the 4 AH systems were
identical within the standard deviations of the results for the two tests. Fresh air ACH (air
change per hour) rates for the four zones were 2.6, 1.7, 2.1, and 6.9 h-1, respectively. Based on
assumed occupancy levels during daytime use, it was estimated that the four ACH rates should
have been 2.6, 2.7, 9.0, and 9.5 h-1, respectively, to maintain each of the entire zones CO levels
at about 520 ppm. A literature review of other building tests indicated that at greater than 600
ppm COj3 there was a reduction in satisfaction with perceived indoor air quality (IAQ).
Reducing outside air ACH to 0.5 h-1 during nights and weekends plus comfort temperature
setbacks during these periods would reduce energy consumption for heating by about 30%.

Two of the 13 rooms tested with the "surrogate” PFT source were the lecture rooms
controlled entirely by separate AHs, thus, there was no local ventilation issue in those. Four of
the remaining 11 rooms on the other two AH systems had poor predicted local ventilation for the
occupancy levels assigned; predicted CO; levels for those four ranged from 902 to 1003 ppm.
Remediation would have required increasing the number of SA grills by 1 or 2 and increasing the
local fresh air rate by 2- to 3-fold as well.

The PFT technology can provide an independent quantifiable assessment of the interactive
performance of multiple AH units and of the local ventilation magnitude in each room served by
the same AH. The technology can be used for commissioning certification of new building AH

performance and as a diagnostic tool in sick building syndrome investigations.
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INTRODUCTION

In April of 1993, two (2) perfluorocarbon tracer (PFT) ventilation/indoor air quality
assessment tests were performed in the Gleeson Hall building of the SUNY Farmingdale campus.
The building was being modified, in part, as a result of significant occupant complaints of
perceived poor air quality. Arrangements were made by Integrated Innovation Inc., in
cooperation with SUNY Farmingdale, to invite Brookhaven to demonstrate the feasibility and
utility of their passive BNL/AIMS (air infiltration measurement system) technique with a
subsequent goal of determining if the SUNY education system wished to include the technology
in the syllabus of their HVAC education program.

The four story (22,000 ft2/floor) building had a basement first floor with air supplied
normally by an HVAC system labelled as AC1. During this study, AC1 was inoperational and
the basement interior rooms (walls) were primarily gone; the other three floors were still being
used for classes. It is possible that a sense of poor air quality may have been perceived by first-
floor occupants because they were working in the basement, but this issue could not be
addressed.

The second floor (at ground level with 200-series room numbers) had two (2) lecture
halls -- Rm 202 (handled by AC4) and Rm 204 (handled by ACS); the balance of the second
floor interior rooms and corridors was split between two other air handling systems, AC2 for the
west side of the building and AC3 for the east side (cf., Fig. 1). The remaining 3rd and 4th floors
(cf., Figs. 2 and 3) were also split about evenly between AC2 and‘ AC3. The perimeter rooms,
equipped with wall units having their own outside air (OA) source plus centralized return air
(RA) bypasses, were not included in this testing which was restricted to the basement floor (1st
floor) and the four operating air handling systems, AC2 to AC5, during Test 1 and only AC2 to
ACS during Test 2.

Two types of tests were performed using the full suite of 5 PFT types available. The first
test was designed to measure the infiltration, exfiltration, and air exchange between the 5 AC

zones above and the second test used the Sth tracer, which had been in the basement, as a
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distributed source throughout the four other zones to act as a surrogate pollutant source -- such as
CO, from the breath of office personnel, teachers, and students.
This report provides final conclusions of both tests and suggestions regarding its usefulness

in similar building ventilation and indoor air quality assessments.
EXPERIMENTAL

Details on the use of the BNL/AIMS technology1 and the calculation of ventilation rates
and their uncertaintiesZ have been presented elsewhere. The number of PFT sources used in
each zone (cf., Table 1) were tailored to expected ventilation rates and zone volumes in order to
achieve primary tracer zonal concentrations of about 0.5 to 1.0 parts-per-trillion (ppt) which is
equivalent to picoliters per liter (pL/L) or nanoliters per cubic meter (nL/m3).

Table 1
Number of PFT Sources and CATS Samplers Used

Test Zones PFT Sources Sampler Qty In:
No. _ Period No. Location Vol,m3 Qty _Type Room Corr. SA Grills

1 4/7-9/93 1  1st Floor 8200 14 oPDCH 5 - -
2 AC2 4580 3 PMCP 6 4 -

3 AQC3 5100 5 PMCH 8 1 --

4 AC4 740 3 pPDCH 3 - -

5 AGCS 680 6 PTCH 3 -- -

2 4/9-1293 1 AC2 4580 3 PMCP 6 4 3
' 2 AC3 5100 5 PMCH 8 1 3

3 AC4 740 3 pPDCH 3 - 2

4 Rm204 680 6 PTCH 3 - 2

All (Pollutant surrogate) 14 oPDCH  -- - -

Test 1 was performed as a 5-zone study to assess the general ventilation performance of the
building in its then current state prior to reconstruction of the layout of rooms and ventilation
controls. The number of sources and samplers deployed is shown in Table 1. The first floor air

handler (AH), AC1, was not operating because of the reconstruction, so the 14 PFT sources were
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distributed uniformly around that level; it would be expected that that floor's ACH (air change
per hour) rate should be low both because the AH was not operating and the first floor was below
grade (few air leakage locations).

The next three (3) zones, AC2 to AC4, were tagged by deploying the PFTs within a nylon
stocking which was suspended in the appropriate return air (RA) duct locations, that is, after any
exhaust air (EA) location but before the addition of any outside air (OA) so that source
temperature would be accurately known. The last zone, Lecture Rm 204, handled by ACS5, had
the 6 PFT sources distributed uniformly throughout the room because initially (on 4/7/93) the
AH was not running; it was operating on 4/9/93 when the Test 1 sampling was terminated. It
was also operating throughout Test 2, but the sources were left in their original locations.

During Test 1, samplers were deployed throughout numerous rooms of the five zones and
also in the corridors of the 2nd, 3rd, and 4th floors. During Test 2, samplers were also deployed
in the supply air (SA) grill in order the distinguish mechanical OA from natural infiltration
directly into each of the four zones. However, mechanical outside air from the perimeter rooms

would appear as natural infiltration in the tested zones, so this calculation was not performed.

RESULTS

Ventilation Calculations
The complete BNL-AIMS output sheets for the two tests are shown in the Appendix as

Table A1 and A2. A general discussion of the output format shows, at the top of the sheet, the
sampling period, the date the samplers were analyzed, and the date the results were computed.
The next section, "Rates", gives the overall ACH for all zones tested followed by the individual
zone results, starting on the left with zone number and name, the PFT source rate (nominal and
corrected for number used and zone temperature), the exfiltration rate and standard deviation
(SD), and the infiltration rate and SD (both in m3/h and in h-1, that is, rate divided by zone
volume).

Next are the zone-to-zone air exchange rates and their SDs. For example, 1-2 means the air
flow from zone 1 (1st floor in Test 1) to zone 2 (AC2) was 805 + 176 m3/h; flow in the reverse
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direction (2-1) was 837 £ 171 m3/h or about equal air exchange in both directions. Zones which
had little air exchange were AC4 to ACS5 (4-5 in Test 1) and reverse (<100 m3/h);those with
large air exchange were AC2 to AC3 (2-3 in Test 1) and reverse at 3,000 to 4,000 m3/h--quite
natural since these AHs conditioned space that was open to shared corridors on each of these
floors. Lastly, are the Total Flow In or Out rates which is the sum of all flows from outside air
and from all other zones or to outside and to all other zones.

The next section, "Analysis", gives, in the upper part for each zone, its volume and the PFT
source type deployed followed by the average PFT concentration and SD for the primary zone
tracers found in each zone. Note that the highest PFT concentration should occur in the zone in
which that PFT was deployed, that is, the diagonal locations in the average tracer concentration
matrix. On the second page are the concentrations of each PFT found on each CATS sampler
tube. When the word "DELETED" appears, it means those values were not included in the
averages above. For example, location M7 on the first floor, corridors C46 and C48 on the 4th
floor, etc., were deemed not to be representative of the concentrations found elsewhere in those
zones and were excluded from the averages. In Test 2 (Table A2), samplers deployed in SA
grills were also deleted.

The last section, "Notes", contains among other items, the overall normalized concentration
matrix condition number (0.502 in Test 1; 0.543 in Test 2) ahd the zonal condition number (near
unity). When the former is less than 2, the test is quite good; these tests were exceptional. It
should be noted that the rates shown in the upper section are computed from the source rates and
average tracer concentrations as follows using matrix notation:

R =C-1§ (1)

This solution and the matrix solution for the standard deviations have been presented elsewhere.2

ndoor Air Quality (TA ssessme
As described above, the PFT technology can completely characterize the air flows in a

multizone building. But the same technology, when an additional PFT is used as a surrogate



pollutant source throughout various rooms of the same building, can be used to calculate an
apparent local ACH and local air quality.

For this school building. the major air quality issue would be local CO2 levels generated
from the breathing of students, teachers, and administrative personnel as non-uniformly
distributed CO; sources. A sedentary adult will emit about 19ﬁL/h of CO», an active adult
24 L/h, and active child 14 L/h. For the evaluation here, the sedentary adult rate (19,000 mL/h)
was used. As indicated in Table 1, 14 oPDCH sources were deployed in various rooms in all
four zones of Test 2, one in each of 12 rooms and 2 in the 13th -- Room 204, served by ACS.

In each of these rooms, there is a local rate of ventilation based on air exchange between
the room and both supply air (SA) and adjacent room(s) which is equal to the vapor source
strength in the room divided by the change in concentration of the vapor in the room due to that
source, namely,

Sy

Ry=—4
AC,

where the local vapor can be from either the oPDCH PFT source deployed in the room or the
expected CO7 source (the number of people in that room times the adult CO2 generation rate).
The relationship between the change in concentration of ocPDCH (the measured isomer of
the deployed oPDCH source) and its local source strength and that between the change in the
local pollutant concentration (e.g., CO2) and its local source strength (the number of people in
the room times Sco,) is a function of the time required to ventilate a local area or, in terms of the

local ventilation rate above,
S?c nSCo‘2 ¥))

R = p— = —
cgF -ACY 502 -360- ACS

where Ry is the local ventilation rate (m3/h); $3° is the local ocPDCH surrogate pollutant
emission rate (nL/h); nSco, is the adult CO2 emission rate (n x 19,000 mL/h) for "n" people
present; Cr and AC; are the respective local room and incremental zonal average concentrations
(nL/m3 for ocPDCH and mL/m3, i.e., ppm, for CO3); and 360 is the ambient CO, concentration
(ppm). The right denominator in Eq. 2 is the incremental or change in local room CO3

concentration, that is



—_ nS — :
ACS®s = R0 - 360~ ACF = =22 (cf - BCY') ©
oc

The left side of Eq. 2 can be used to compute the local ventilation rate in rooms tagged with
the oPDCH source (Sqc is known and Cﬁc is locally measured) if the zonal average ocPDCH
concentration, ACz°, can be determined. Table 2 provides the data used to calculate the room
ocPDCH concentration which would have been present from zonal SA only assuming that the
ratio of Grill/Room concentrations for the PFT used in the zone would have the same ratio for
other PFTs (including the pollutant surrogate) supplied via the grill. Note that PMCH was used
for zone 4 (AC5, Room 204) because the PTCH used in that zone was deployed in the room
rather \than via the SA ducting. The last column, predicted ocPDCH change in concentration,
will be described shortly.

Table 2 ,
Estimated Zonal Surrogate Pollutant (ocPDCH) Concentration

"Surrogate” ACy
Zone PET Conc., nL/m3 ocPDCH Conc. Change, nL/m3
Zone AH  PFT Grill Room Grill Room Predicted
1 AC2 PMCP 051 x£0.02 037 £ 001 0.18 £ 003 0.13 £0.02 0.174
2 AC3 PMCH 056 x£0.02 056 £ 002 022 £ 002 022 £0.02 0.222
3 AC4 ptPDCH 0.74 £ 002 0.65 £ 002 023 £ 000 0.20 £0.01 0.217
4 AC5 PMCH 0.050+ 0.001 0.044% 0.001 0.10 £ 0.01 0.09 £0.01 0.155

The right side of Eq. 3 can be used to compute the expected change in room CO7
concentration if the zonal CO; concentration change is known; the latter is the average expected
change in CO7 concentration in each AH zone based on the assumption that the CO emitted
from all the people in that zone was released at the same locatibn in the RA duct where the zonal
PFT sources were deployed. The PFT concentration matrix from Table A2 in the Appendix is
repeated in Table 3 below along with the respective PFT source rates. An estimate of the number
of people present in each of the various rooms comprising the entire zones is also given in
Table 3, from which the estimated total CO; source strength per zone is given. Then, for each
zonal column, the incremental ACO; concentration, that is, concentration above ambient for the

entire zone, is calculated by



Table 3
Estimated Zonal Incremental CO7 Concentrations

Est.
SPET, Cppr, nL/m3 No.of  nSco,! ACco,, mL/m3
Zone AH nlh 1 2 3 4 Peoplem) 105mLbh 1 2 3 4 ACy?
1 AC2 5773 0372 0.35 0033 0002 77 146 94 46 27 1 168
2 AC3 6667 0.089 0559 0028 0012 120 228 23 191 23 9 246
3 AC4 1389 0075 0063 0653 0004 60 L4 19 22 5% 3 580
4 AC5 1541 0028 0049 0014 0285 60 L4 7 17 11 211 246
1" Sco, = 19,000 mL/h « person

nSco
ACco, = CpET 2 C))

SprT

and summing over all four CO; sources strengths gives the total zonal incremental or change in
CO3 concentration in the last column of Table 3.

This same procedure can be used to estimate or predict the zonal ocPDCH concentration.
Using the same PFT concentration and source matrices from Table 3, Eq. 4 (but for ocPDCH)
was used to calculate the predicted incremental zonal ocPDCH concentration as shown in
Table 3a below and also listed in Table 2. It can be seen in that table that the predicted values
agree very closely with the values measured in the SA grills for all but AC5. Because there were
so few measured values, the predicted zonal ocPDCH incremental concentrations were the ones
used in Table 4 along with other pertinent room information. Substitution into Eqs. 2 and 3 gave

the room's local ventilation rate, Ry (m3/h), apparent ACH (h-1), and the local incremental and

Table 3a
Predicted "Surrogate” Pollutant (ocPDCH) Concentration
No.of ocPDCH  n Sg, "Surrogate” ocPDCH Conc., nL/m3 (ACq)
Zone Sources (n) nL/h 1 2 3 4 Predicted
1 5 1856 0.120 0.044 - 0.009 0.001 0.174
2 6 2157 0.029 0.181 0.007 0.005 0.222
3 1 3634 0.024 0.020 0.171 0.002 0.217
4 2 680.7 0.009 0.016 0.004 0.126 0.155



Table 4 v
Estimated Local Ventilation and Room CO; Concentrations

No. of App. No. of Predicted

Room VoL, SA S, C¥ AC; R, ACH, People nSco, CO; Conc., ppm R, /Grill,

AH No. m3 Grills nLh nl/m3 nl/m} m¥%h  h! () 103mLh AC; ACiocal ACR/person! _Cr _ _ m¥h
AC2 444A 50 1 371 1257 0.174 343 69 1 19 168 55 57 583 340
" 341 124 1 371 0614 0.174 844 68 2 38 168 45 25 573 840
" 342 272 2 371 0608 0.174 855 31 8 152 168 178 24 706 430
" 208A 376 9 371 0182 0.174 >40,000 >100 20 380 168 8 2.6 536 -
" 208C 268 8 371 0200 O0.174 14300 53 18 342 168 24 3.5 552 1,800
AC3 419 217 3 360 0395 0222 2078 96 7 133 246 64 11.2 670 690
" 421 258 2 360 0375 0222 2350 9.1 152 246 65 10.2 671 1,200
" 323 158 4 360 0546 0222 1,110 70 20 380 246 342 19 948 280
" 339 382 3 360 0653 0222 84 22 15 285 246 342 25 948 280
" 209B 118 2 360 1146 0222 389 33 2 38 246 98 51 704 190
" 213 76 2 360 0782 0222 642 84 10 190 246 2% 32 902 320
AC4 202 740 6+ 363 0237 0217 18170 24 60 1,140 580 63 107 1,003 3,000
AC5 204 680 6+ 681 0.17- 0155 9,000- 13-66 60 1,140 246 25-125  45-62  630- 1,500-
0.23 45,000 730 7,500

1 From Eq. 6



room CO5 concentrations (ppm). Thus, any room CO» concentration is comprised of the
ambient background concentration, the incremental zonal concentration, and a local incremental
concentration from a local source, that is,

Cr =360+ AC; + ACy » (5)
Lastly, the expected change in the CO5 concentration per person in an individual room is given
by

| _ AC, | ACy
ACR /person = o e (6)

where ng and ng are the number of people in the zone and room, respectively.

fI“he five rooms tested on AC2 had ventilation rates per grill of about 300 m3/h in 3rd and
4th floor rooms and greater than 1,500 m3/h per grill in rooms 208A and C. Rooms with 8 and 9
grills, having more occupants, still maintained low projected CO2 concentrations. The six rooms
tested on AC3 also showed differences in apparent ventilation rates per grill--high on the 4th
floor (with low estimated CO3 levels) and low (equal to the AC2 rates on the 3rd and 4th floors)
on the third and second floors (with high estimated CO2 levels). With an estimated 20 people in
each of rooms 208A and 323, the estimated CO» levels in the latter (with only 4 SA grills versus
9 in the former) were nearly twice (948 ppm) those in the other room (536 ppm). The indoor
projected CO2 concentration is seen to range from 536 to more than 1,000 ppm; more than 600
ppm of CO2 may indicate the presence of an uncomfortable condition.4

Experience from others' measurements of CO2 levels, ventilation rates, and perceived
comfort in buildings will be reviewed in the next section together with an assessment of the
results here to suggest areas which would need improvement in the settings of the air handling

systems in Gleeson Hall. The appropriate steps for remedial action will be presented.

DISCUSSION

leeson Hall Ventilation
A significant amount of air flow information in available in a BNL-AIMS test result as in

Tables Al and A2 in the Appendix. The infiltration rate for each zone is the amount of fresh
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outside air being supplied to each and, as such, is one potential indication of the level of indoor
air quality (IAQ). For ACHs less than 0.5 h-1, IAQ could be poor, especially if occupied by a
number of people; for values gréater than 1.5 to 2.0 h-1, the likelihood is that IAQ will be
acceptable, provided the overall potential pollutant burden or source strength in each zone
(including total occupants) is in accord with the ventilation rate and the local pollutant source
strength (e.g., ozone from a copier or CO2 from the local occupants) is also balanced with the

local ventilation, for example, an appropriate number of SA grills for the rooms expected

occupancy level.
Table 5
Zonal Infiltration Rate, ACH, h-!
ACH, h-1
Location Test 1 Test 2
First Floor 023 = 0.04 -
AC2 271 £ 052 263 £ 034
AC3 150 + 0.19 174 £ 0.21
AC4 198 = 0.24 215 £ 026
AC5 564 t 0.76 686 = 0.96

As shown in Table 5 above, with the exception of the first floor result (its mechanical
system was not running) measured in Test 1 only, the four AH systems had ACH values
exceeding 1.5 h-1; within their respective uncertainties, the results were also identical for both
tests.

The west side of the building handled by AC2 might appear to have a higher-than-
necessary rate of 2.7 h-! when compared to the 1.6 h-! rate found in the east side (AC3). This
excess of 1.1 h-1 of ACH with an AC2 zone volume of 4580 m3 (see Table 1 or Analysis section
in Table A1) corresponds to 5040 m3/h of potentially unnecessary conditioned air. Room 204
(controlled by AC5) also appeared to have a higher-than-necessary rate (there were no occupants
over the weekend); if the average value of 6.2 h-1 was reduced to 1.6 h-1, the 4.6 h-1 savings for
the 680-m3 room (equivalent to 3130 m3/h excess) would also be significant. Another way to

look at this is as follows: the total building volume of 11,100 m3 at 1.6 h-1 is equivalent to a
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fresh air rate of 17,800 m3/h; the PFT-measured rate was 27,200 m3/h or an excess of
9,400 m3/h.

The potential conditioned-space energy savings may be significant. As a rough rule-of-
thumb, at a 0.5 h-1 ACH rate, 25% of the heating or cooling requirement in a building is due to
ventilation. It can be shown that based on this rule, reducing the whole building ACH from
2.5 h-1, the measured value in this case, down to 1.5 h-1, would save about 30% of the total
energy expended at 1.5 h-1, certainly feasible when the building is not occupied, such as on
weekends and at night. The question is: What ACH level is needed to assure adequate dilution
of occupant-derived CO during the day.

ntilation vels i neral

The relationship between ventilation and indoor CO; levels found by others due to
occupants, fundamentally governed by Eq. 1, can be used to put several rules-of-thumb into
perspective in order to determine what the ventilation rate and CO2 levels should be in Gleeson

Hall. The following guidelines or observations have been promulgated along with ASHRAE

requirements:

Buildings
Supply Air Rate (suggested): 1.5 cfm/ft2 with 17% OA
ACHs (observed): 1.0 £ 0.5 h-1 of outside air (OA)
Occupancy (suggested): 43 m3/person or 14 m2/person

Homes
Size: 1800 ft2 (£40%)

~ ACHs (observed): 0.5+ 0.2h1of OA
Occupancy: 2 adults and 2 children

CO2 Rate
Adult: ' 19L/h
Child: 12 L/

ASHRAES
Minimum Ventilation: 10 L/s » person
Maximum CO3: 1000 ppm
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The expected CO7 level in a home can be calculated from Eq. 1 (AC = S/R) as follows:
R = 1800 ft2 x 8 ft ceiling x 0.02831 m3/ft3 x 0.5 h-1 (ACH)
= 400 m3x 0.5 h-l
~ 200 m3/h or 200,000 L/h
S = 19(2)+12(2)=62L COh
AC = S/R = 62 x 106/200,000 = 310 ppm
C = AC+360 (COy ambient) = 670 ppm
The equivalent number of adults generating 62 L COo/h is 62/19 or 3.26 persons for an
occupancy volume of 400 m3/3.26 persons or 123 m3/person or about 3 times the occupancy
volume in a commercial building (43 m3/person).
The expected CO; level in a building can also be estimated from the information above:
Supply AirR/V = 1.5 ft3/min « ft2 x 60 min/h/8.7 ft ceiling
= 103 h! '
Outside Air R/V 17% of SA=10.3 h-1x0.17 = 1.76 h-1
S/V = 19,000 mL/h » persoﬁ/43 m3/person
= 442 ppm/h
AC = (S/V)/(R/V) =442/1.76 =251 ppm
C = AC+360=611ppm

Thus, roughly speaking, the typical expected indoor CO3 level in a commercial building,
610 ppm, is about comparable ’to that in the average home, 670 ppm, because, although the
average occupant density is 3 times higher (43 m3/person versus 123 m3/person in a home), the
outside air rate is more than 3-times higher (1.76 h-! versus 0.5 h-! in a home). It should be
mentioned that the high SA rate, 10.3 h-1, is used to assure that temperature and humidity stay
within the specified human comfort zone.

These levels (CO2 =~ 650 ppm and ACHpyilding =~ 1.8 h-1) can be compared with the
ASHRAE requirement of 10 L/s « person. The CO; concentration equivalent is

AC

C

S/R = 19 L/h « person x 106/(10 L/s « person x 3600) = 528 ppm
528 + 360 = 890 ppm
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It can be shown that the recommended maximum CO3 level of 1000 ppm ( C = 1000 - 360 =
640 ppm) is equivalent to a CO; rate of 23 L/h « person -- about that for an active adult. The
equivalent ventilation rate to the ASHRAE value of 10 L/s « person (0.010 m3/s « person) is
ACH = 0.010 m3/s  person x 3600 s/h/43 m3/person = 0.84 h-1, that is, about half that of the
rule-of-thumb value of 1.76 h-1.

Persily and Dols3 measured CO; in three office buildings; peak zonal CO» levels for the
buildings as a whole ranged from 400 to 750 ppm, but always below the expected C = S/R values
for 43 m3/person. Local CO; levels ranged from 700 to 950 ppm on one floor in Building C
which had peak zonal levels of 580 to 750 ppm.

Shaw et al.4 investigated an 8-story office building which had occupant complaints. Even
though ACH values as low as 0.4 h-! were measured by SFg tracer decay, the low occupant
density of 168 m3/person gave an equivalent ASHRAE ventilation rate of 18.6 L/s « person
(above the guideline) on a total zone or building basis which would give an incremental CO3 of
19 x 106/18.6 x 3600 or AC = 284 or C =360 + 284 + 644 ppm CO». In one test with a
measured ACH of 0.61 h-1 (equivalent to 28.4 L/s « person or ACco, = 186 and Cco, =
546 ppm), the mid-morning and mid-afternoon measured CO levels of 500 to 515 ppm were in
good agreement with the expected value of 546 ppm. Shaw found that when ACH was reduced
such that CO; exceeded 520 ppm, the number of occupant complaints increased significantly.
These CO levels were averages measured over entire floors or return air (RA) ducts; it is likely
that local CO3 levels may have been much higher in some locations.

In a recent 1994 test,0 a building with IAQ complaints had an occupancy density of
71 m3/person with 70 persons per floor and an average mid-day CO3 level of 680 ppm, well
below the ASHRAE maximum of 1000 ppm. Using these steady-state occupancy and CO2

levels, the estimated ventilation rate was:

R = S/AC =70 x 19,000 mL/h + person/(680 - 360) = 4150 m3/h
or
ACH = 4150/4975 = 0.84 £ 0.08 h-1
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Based on the decay of CO; from 730 ppm at 4:30 pm to about 380 ppm by 7:30 pm, a turnover
time (1 = 1/ACH) of 1.1 £ 0.15 h or ACH = 0.90 + 0.12 h-! was estimated, in agreement with the
steady-state-derived value above and equivalent to a ventilation rate of 0.90 h-1 x 71 m3/person x
1000 L/m3/3600 s/h or 17.8 L/s « person.

From these few tests, elsewhere, it appears that perceptions of poor IAQ commenced
around CO» levels of 550 to 700 ppm -- ~600 ppm, on average. Table 6 below gives expected

average zonal CO3 concentrations based on individual ventilation rates, rp, that is, flow rate per

person:
— S
AC, = —C02 0]
3600 Iy
and
Ez = 360 + Z_—Cz (8)

ACH rates based on individual ventilation rates and occupancy levels are given by:

ACH = 361 ©9)

Yp
It appears that to keep CO3 levels below about 700 ppm would require an rp of 15 L/s « person
and closer to 20 L/s « person to keep CO2 near 600 ppm. Of course, as given in Eq. 5, the CO;

level in a particular room is that above plus any incremental local CO2 source from individuals in

that particular location.
Table 6
Relationship between Ventilation Rate, CO; Levels, Occupancy Density, and ACH
Ventilation Average Zonal Building ACH (h-1) at Various
Rate (rp), CO, Conc., ppm 7 Occupancies (v,), m3/person
L/s « person AC, ! C, 2 10 40 120
5 1,056 1,416 1.8 0.45 0.15
10 528 890 3.6 0.90 0.30
15 352 712 54 1.35 0.45
20 264 624 7.2 1.80 0.60
25 211 571 9.0 2.25 0.75

1 Assuming Sco, = 19 L/h - person
2 Calculated from Eq. 8
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Based on a usual occupant density of 40 m3/person (the middle occupant density column in
Table 6), the fresh outside air building ACH should be 1.4 to 1.8 h-1 -- a typical value. To
provide a higher margin of perceived better IAQ, 25 L/s « person would keep the entire zonal
CO, concentration at about 570 ppm with a total ACH of 2.25 h-1 at 40 m3/person; this would

allow more margin for local incremental CO; generation or other potential pollutant sources.

Gleeson Hall Estimated CO, Concentrations

During the day, the predicted zonal CO; concentrations from the assumed occupancy levels
(based on visual inspection of the offices, laboratories, and classrooms) can be compared with
that from a suggested occupancy level of 43 m3/person.3 For the four zones, Table 7 lists the
volumes, the suggested and assumed occupancy levels, and the predicted CO; concentrations
based on the suggested and assumed occupancy levels.

Table 7
Suggested versus Assumed Occupancy and Predicted CO; Levels

Zonal CO, Concentrations, ppm

ACH, Vol, Suggested _Assumed Occupants Suggested3 Assumed Occupants
Zone AH ht m?®  Occupants 1 Qty. 2 m3fper  Occupants Primary Zone _ All Zones

1 AC2 263 4,580 106 77 59 543 454 528
2 AC3 174 5100 119 120 43 590 551 606
3 AC4 215 740 17 60 12 560 896 940
4 AC5 6.86 680 16 60 11 446 571 606
All Zones 11,100 258 317 581

1 Based on 43 m3fperson
2 Based on visual inspection and assumptions
3 Based on the actual ACH values in each zone

For a suggested occupancy of 43 m3/person, that is, the occupants uniformly distributed in
each zone, but using the actual ACH rates from each zone, the zonal CO2 1evels ranged from 543
to 590 ppm in the first three zones and only 446 ppm in Room 294 (ACS) because of the high
ACH rate. It would appear that perceived IAQ would be good at the suggested occupancy

desntity -- but this is not how buildings are actually used.
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Based on the assumed occupancy levels listed above and in Table 3, the zonal CO2
concentrations in Table 7 were computed by adding the ambient level (360 ppm) to each of the
TCSOZ in Table 3 under "All Zones"; the primary zone concentration was based on the
contribution from occupants in that zone only, that is, 360 plus the maximum value in each zone
from Table 3.

For the entire tested portion of the building, the total zonal CO2 level is estimated to be
581 ppm for the assumed occupancy; this level is almost at the 25 L/s * person level of 571 ppm
in Table 6 and, as such, the perceived IAQ should have been good. As an aside, the total
infiltration rate from the appendix (27,212 m3/h for 317 assumed occupants) is equivalent to
23.8 L/s « person.

Looking at the expected CO7 concentrations by zone, AC2 has the lowest value, AC3 and 5
are the same (606 ppm each), and AC4 is quite elevated; the 940 ppm level is generated almost
entirely by the AC4 assumed occupancy in combination with the zone's low ACH resulting in a
896 ppm level due to that zone alone, that is, not CO; contributed from other zonal occupants.
Clearly, then, AC4 is the only zone from a total zonal basis to possibly be inadequately
ventilated when a class of 60 students was present.

Returning to Table 4 with the predicted CO levels computed in the 13 rooms tested with
the surrogate PFT source, only the estimated levels (under the column labeled CR) in rooms
handled by AC2 have values less than 600 ppm. Room 444A with 1 SA grill generated 55 ppm
CO3 locally (ACjocal), giving a room concentration of 583 ppm; the occupant had complained of
inadequate fresh air but this was not the case during this test. Room 444 with 4 SA grills was not
tested (there were complaints here as well) but it is not likely to have had inadequate ventilation
either.

The only tested room running on AC2 to have an elevated predicted CO, was Room 342.
This somewhat larger classroom had only 2 SA grills which did not, at that time, appear to be
working (physical inspection) and, indeed, the room had a stuffy feeling. Based on the number

of student desks in the room, an estimated occupancy of 8 adults would have generated a room
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concentration of 706 ppm -- above the cutoff value suggested in this paper of 600 ppm. The high
locally-generated CO7 of 178 ppm from the 8 adults resulted from the locally poor SA rate per
grill (430 m3/h).

The incremental room CO concentration per person, ACr/person, of 25 ppm per person
was about the same for the two third floor rooms in Table 4. Thus, the Room 342 high CO»
concentration was related to the larger number of people in that room. On the other hand, the
low ACg/person determined for Rooms 208A and 208C guarantees that those rooms, as operated,
could handle their greater occupancy density without reaching a critical CO; level. Peculiarly,
these teaching dental laboratories had also had air quality complaints. But there is no question
that the local ventilation was high, so neither a large number of occupants nor any other pollutant
source (such as chemicals used in the lab) should have caused an IAQ problem.

The two rooms tested on the fourth floor controlled by AC3 were large multi-occupancy
office areas with moderately low incremental CO; concentrations per person with high apparent
ventilation rates per grill. The room CO; concentrations of 670 ppm were low enough to expect
a reasonably good perceived IAQ status. On the other hand, one floor down, Rooms 323 and
339, used as classrooms, had high room CO, concentrations, 948 ppm, because of low
ventilation rates per grill, and modestly high incremental CO; concentrations per person of 19
and 25 ppm/person, respectively. On the second floor, Room 209B, a laboratory in the x-ray
suite, had the lowest ventilation rate per grill and one of the highest incremental CO; rates per
person. Only the low estimated number of occupants, 2, kept the predicted CO3 level near
700 ppm; each additional person would have raised the CO2 by 51 ppm. Finally, classroom 213,
with about 15 desks, had a high predicted CO, concentration (902 ppm) with a high CO; level
per person (32 ppm/person). Thus, this room could have had a potentially poor IAQ.

The last two AH systems each handled their own individual rooms -- AC4 ran Lecture
Room 202 only, and ACS5, Lecture Room 204. ACS5, with its high ACH rate (6.86 h-1), was
operating at a level to keep the CO concentration from 60 people at about 700 ppm or less --
probably good perceived IAQ. AC4, on the other hand, at a rate of 2.15 h-1, would have had the

highest CO, levels -- over 1000 ppm.
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Mitigating Strategies

Both energy conservation and perceived and actual IAQ and occupant comfort are
important issues in any building. These PFT test results indicate that there was both a need to
reduce ACH during low-occupancy periods to conserve energy and, during the expected normal-
occupancy periods, a need to improve both zonal ACH and local ventilation and, possibly, alter

room assignment.

Energy conservation measures could be easily accommodated in two time periods. As
pointgd out earlier in the Discussions, a modest uniform ACH rate of 1.5 h-1 in all zones early in
the mdming, for example, from 6:00 to 8:00 am weekdays, would have provided about a 25%
energy savings relative to the 2.5-h-1 rate, a level which has been shown to be more than
adequate for good perceived IAQ at normal (40 m3/person) occupant densities (cf., Table 6).
Furthermore, late at night and on weekends, a roll-back to 0.5 h-1 would certainly provide
sufficient fresh air to the few occupants that might be present and would reduce energy
consumption by 50%; a modest temperature set-back (in the winter) would provide an additional

10% savings.

Perceived indoor air quality improvement requires consideration of the total zonal
occupant burden and the individual rooms' occupant levels and supply air (SA) availability. As
was pointed out in Table 7, based on the assumed occupancy levels on a total zonal basis, three
of the four zones had sufficient overall fresh air; AC2 was perfect (only 528 ppm of COy
predicted) and AC3 and ACS could have benefitted from slightly higher ventilation rates.
However, AC4, assuming 60 student present in the lecture room, should have had a much higher
outside air ACH rate.

If the total occupancy level was the same as assumed in Table 3, it could be shown that the
following adjustments to total zonal ventilation would reduce the incremental zonal CO; levels

to about 160 ppm in each zone during the daytime occupied periods:
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ACH, h1

AH Before After
AC2 2.63 2.6
AC3 1.74 2.7
AC4 2.15 9
ACS 6.86 9.5

The remaining steps to be taken require examining the local CO2 response and the number
of SA grills. On AC2, Room 444A will be fine with 1 occupant; this was a single office.

Room 341, a secretarial area, would be acceptable with 2 or 3 occupants. Room 342, a
classroom with only 2 grills working at poor capacity, requires correcting the SA setting and
adding at least 1 (preferably 2) new SA grills; this would reduce the incremental CO2
concentration per person to about 5 to 7 ppm/person. Rooms 208A and 208C were acceptable as
is.

After adjustment of AC3 from 1.7 to 2.7 h-1 during daytime occupancy, three of the 6
rooms tested in that zone would need further individual adjustment. Classroom 323 had a
sufficient number of SA grills (4) for its small size, but to support an estimated 20 students, the
local fresh air rate from each needed to be tripled. Classroom 339 with only 3 SA grills had a
higher incremental CO; value (25 ppm/person compared to 19 ppm/person for Room 323).
Thus, both an additional SA grill was needed and the rate from each needed to be increased 2.5-
fold; with these changes, both rooms 323 and 339 would have had CO; levels at about 600 ppm.
Lastly, the small Room 213 either needed to be re-assigned as a 1- or, at most, 2-person office or
an extra SA grill installed and the delivery rate increased 2.5-fold.

Rooms 202 and 204 would be fine for 60 occupants each with just the increase in total
outside air ACH to 9 h-1,
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Recommendations

Now that the reconstruction work on Gleeson Hall has been completed, retesting should be
done to compare the ventilation rate and the predicted CO3 levels. In addition to the testing that
was performed 2 years ago, the ventilation rate of the perimeter rooms should be checked and
more rooms, if not all rooms, on the AH systems should be tagged with the surrogate PFT source
to check all local ventilation rates. Where possible, local CO measurements should be made to
confirm the reliability of the prediction capabilties of this technology.

The techniques employed in these tests and the results should be critically reviewed by the
college staff for their assessment of the utility of the approach, in part to determine if the
technology should be made more widely available and, in part, to set up student participation in
the advancement of the implementation and interpretation of the PFT technology as a ventilation

engineer's tool.

CONCLUSIONS

As a result of performing two several-day BNL-AIMS passive device ventilation tests, both
the zonal and local ventilation performance of a significant portion of the Gleeson Hall building
was satisfactorily performed. The ventilation rates determined for the four operating air handling
(AH) systems, AC2 to ACS5, were identical in both tests and ranged from about 1.5 to 6.8 h-1,

In the second test, the use of a distributed PFT source as a surrogate for occupants who
normally expire CO; was able to quantify the effectiveness of local (individual rooms)
ventilation in combination with total zonal ventilation to arrive at a reliable predicted CO7
concentration in each location tested (13 rooms); CO; concentrations were predicted to range
from 536 to 1003 ppm.

A review of some published building ventilation studies during which CO2 measurements
and perceived air quality were noted plus some private communications and assessment of
ASHRAE guidelines resulted in the observation that indoor CO; concentrations from occupants

should, in general, be less than 600 ppm to assure a good perceived IAQ and that to achieve these
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desired conditions over an entire zone serviced by a given AH system, would require a fresh air
ventilation rate of 20 to 25 L/s » person which, at an occupancy level of 40 m3/person, is
equivalent to an ACH rate of 1.8 to 2.2 h-1.

During these two tests in Gleeson Hall, the ACH rates were constant and identical for Test
1 over a 2-day weekday period and for Test 2 over a 3-day weekend period. From an IAQ
(indoor air quality) standpoint, it was determined that during the day, based on the assumed
occupancy, AC2 was running at the right rate (2.6 h-1), AC3 needed to be increased from 1.7 to
2.7 h-1, and ACs 4 and 5 from 2.2 and 6.8 h-1, respectively, to about 9 h-1. However, at night
and on weekends, from an energy conservation perspective, all four AH systems should be
reduced to 0.5 h-1 and the temperature set-back as well (in the winter time) for an estimated 60%
energy savings during the five 8-h periods during the week and two 24-h periods on the weekend
(equivalent to a weekly energy savings of about 30%). |

Locally poor ventilation, that is, not associated with the AH system as a whole, was
identified as significant in 4 of 11 rooms tested -- 1 of 5 tested, running on AC2, and 3 of 6 tested
running on AC3. Improvement in local ventilation required that 3 of the 4 add 1 or 2 extra
supply air (SA) grills and increase the fresh air rate from each by 2- to 3-fold; the fourth room

required the SA rate to be tripled.
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APPENDIX A

Detailed BNL-AIMS Test Reports



Table Al

BRIL—AIMS 08151350 05-07-1993

PROJECTs SUNY FARMINGDAL 8TART: 12140 (04-07-1993) W) BNL CODEs 8020A0
HOUSE s GLEESON HALL STOPs 10100 (04-09-1993)F( ANALYZED: 03-31-1993

SEEEEEEEERRREANAREAARBREERESSEAREREE RATES SEKEXEITERREREERRRERBEXLEEEARLERERRE

OVERALL INFILTRATION RATE = 27184.7 % 2126.4(a"3/h)
OVERALL AIR EXCHANGE RATE = 1.409 % 0.117(1/h)

0 ZONE SOURCE RATE EXFILTRATION {om————— INFILTRATION-~~~——== H
N LOCATION @23C aTY @7 RATE 8D RATE 8b ACH )
E (nL/m) (nL/h) gl“S/h% (.“3/h& 2/ha
1 1ST FLOOR 6.9 14 85088 2716. 938.7 1854.3 30. 0.22 .042
2 AC2 33%.7 8773 13633.5 2144.1 12403.6 2315.7 2.708 0.323
3 AC3 29.3 S5 6667 7017.1 13953, 7626.3 8469.2 1.495 0.186
4 ACA 8.8 3 1389 469.7 268.7 1467.0 161.2 1.982 0.239
9 ACS 5.2 & 1341 3330.2 1848.1 3835.95 482.4 5.640 0.763
ZONE~-ZONE RATE ¢ SD (#"3/h) ZONE-Z0NE RATE £ 8D (a"3/h)

1 -2 - 804.6 173.9 2 -1 837.4 170.9 .

-3 344.90 61.7 3 -1 591.7 150.2

1 -4 86.9 14.9 q9 -1 607.2 128.4

1 -5 118.6 21.7 5 -1 179.3 131.8

2 -3 3107.4 407.8 3 -2 3980.% 1213.5

2 -4 439.3 64.5 4 - 2 877.9 164.6

2 -9 327.2 79.0 S -2 378.2 1948.6

3 -4 153%.9 34.5 q9 -3 383.0 62.0

3 -9 403.2 74.3 9 -3 687.3 39%0.2

4 - 5 72.0 25-5 5 - 4 -38l5 46-9

H . TOTAL FLOW IN OR OUT : :
ZONE RATE % SD (#"3/h) ACH % SD(/h) ZONE RATE £ SD (m”~3/h) ACH t SD(/h)

1 4069.8 639.3 0.496 0.082 2 18344.8 2319.4 4.005 0.54%
3 12148.0 1287.0 2.382 0.279 4 2109.8 219.6 2.8%1  0.329

5 4756.4 593.9 6.99%5 0.941
SEEEERRERERLRRENEERRELRANEERRAREEAE ANALYSIS REERXXXREELAKKERAAREREREAREEEAAALR

1 WL SeURCE AVG. TRACER

’ mt thi.

N " : (nn) t 53

3 Kl 4 ) !mu 1-P10H
{8200 ocPBCH 1,286 % 0051 0.098 % 0006 0129 % 0010 0013 % G010 00218 0.0
24580 PP 0.073 % 0006 0343 % 0028 01398 0033 00341 0005 016 L 003
3 OS100 PACH 0060 002 0.095 % B0 05Nt 0017 030 E M2 b3t M2
M0 ptPIH 00720 003 0002 0000 077 ¢ KT 2% M9 0800 00N
§ 400 T-PTCH  0.043 % 0001 0035 % 0000 060t .M 008 M3 030 b0
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Table Al cont'd

CONCENTRATION(pL/L)

-w

CATSH ocfICH  PCP  PECH pUPICE T-PICE  PMCB sa?CH .‘ml KN 2108

1 9510 1.200 0090 0008 6000 0006 .00 L3 A1 L2300

1 622 1.465 0097 0023 0000 0031 0000 1.519 0000 1.319 008

1S 1115 0002 0427 0001 0015 0.0 L.207 0.0 L2 000

1 ST 1317 0400 6060 0,432 0022 0000 1309 0000 139 008
0574 M) 3 n MLETE) M7

MLETE) C6

3 10 0152 0265 0.230 0038 .07 6.0 G.0M 0080 0091 0000 DELETED cﬂ
2 N2 07 0358 G019 0033 6000 0000 0.000 0000 0,103 .04 4
2 032 NS 0352 0017 0020 0005 0000 .00 0.0 00N .M b YA
2 M 09 OIS 0255 0030 00LE 0080 0.5 00 0008 0.0 DELETED C33
2 M 07 0313 008 0630 .0 00M .M 00 LIA .M 34)
2 UM3 005 037 0090 0.0 0007  0.080 0000 0107 0011 0004 3492
2 B3 06 0313 0068 0081 0.000 0000 0000 0001 0010 0.0 DELETED CIT
20 1132 N3 013 01 6008 005 000 .00 6.085 .08 0.0 av8A
X1 f 01 fﬁ ;’0
3TN 000 00 0621 0037 0025 0.0 0.0 0080 0091 0. 2o
T 10716 0060 0090 0581 0035 0023 0000 0.000 0.3 0088 0,000 421
37200 0N 03 0AIS 0027 0006 .00 0000 0001 0095 0.0 DELETED <38
3802 0057 0.090 0500 0033 0022 0000 0.M0 0.002 0.0 .00 343
3OS 0050 093 0572 0033 0020 0,000 0000  0.005 0.8 0000 403
3 055 0.002 0.097 0600 0030 0,020 0000 0.080 0,080 0091 0.8 Y
35522 005 0000 OSRE O 0.032 0022 0,000 0000 0083 0.0 0004 Z
3 I0 0081 0,095 0,609 0.032 0.0 0.400 .08 0. 8 3
. . . . MW LR 0. . \ 202 frodt
£ 3012 0073 0085 0079 060 0000 0000 .00 15 0715 0000 il
§ W 13007 44N S 0,000 0000 0,000 0,479 0479 0.000 back
. \ . . AN LT LW N 204 fipst
§ 9355 0042 0.033 0.0 0015 0336 0000 0000 055 0050 0000 mid
S 5387 0,043 0.040 0,070  0.019 0301 - 0.000 0,000 0.060 0.066 0004 back
C.F.0 PICD  PICP  PHCH ocPDCH ptPICH oPDCH  PICH COEFFICIENTS FILE
0.0 .90 0.92 105 092 045 0.9 i

EEXEAAXREKRREKARERARERERERAERREREARAR NOTES SERKABKERREAKAREARREAREREALARARERRR
1 gas volumes are reported at 25 C. and 1 atm.

The standard deviation in the source strength has been set at 10 %,

The standard deviation in the volume measurement has been set at 3 %,

The overall normalized condition number (K(C)/N"1.5)= 0,502
K(DC{/N = 1,122 :
Zonal condition numbers are:
ZONE | 2 3 4 5
Condition Number 1.078 1.239 1.191 1.065% 1.024
FLOW-RATIOS STD.DEV.
INFILTRN/EXFILTRN
ZONE 1 0.683 0.0543
ZONE 2 0.910 0.1381
ZONE 3 1.087 0.1610
ZONE 4 3.124 0.893%
ZONE S5 1.145 0.5036
INTERZONAL
/ 2- 1 0.961 0.213%4
1 0.581 0.1492
1 0.142 0.029%
1 0.662 0.4864
2 0.7681 0.2331
2 0.760 0.229%
2 0.%66 1.9063
3 0.406 0.1107
3 0.%87 0.3151 , L
‘3£vmnon”o;’1isggcu 15'38&% 1 18 GREATER THAN 25 %
DEVIATION OF T—PTCH IN ZONE 2 IS GREATER THAN 23 X%




oo Ae o
BNL—AIMS 09:02114 05-07-1993

PROJECTs SUNYFARMINGDALE START: 10213 (04-09-1993) F\. BNL CODEs 8021A0
HOUSE s GLEESON HALL STOP: 10150 (04-12-1993) Mow ANALYZEDs 04-01-1993

P30 tsctsestottottseettsbtdidit it it YT e st et ettitit ittt it isitisdssty

OVERALL INFILTRATION RATE = 27212.3 % 1731.7(a"3/h)
OVERALL AIR EXCHANGE RATE = 2.452 £ 0.173(1/h)

ZONE SOURCE RATE EXFILTRATION §mmm———— INFILTRATION-~—~———~ !

N LOCATION @25C Q1Y @7 RATE 8D RATE D ACH gD
E (nlL/m) (nL/h) (#”3/h) (8"3/h) (/h)
1 AC2 35.7 3 8773 12987.7 1749.9 12058.0 1451.9 2.633 0.343
2 AC3 2%.3 9 6667 8233.4 1539.6 8899.7 976.0 1.74% 0.210
3 AC4 8.8 3 1389 1009.5 398.4 1589.3 171.6 2.148 0.2%
4 ACS 5.2 6 1541 4981.8 700.6 4665.3 609.4 6.861 0.960
ZONE-ZONE RATE & SD (="3/h) ZONE-ZONE RATE £ 6D (a*3/h)

1 -2 2929.9 340.1 2 -1 3945.3 983.3

1 -3 398.1 44.9 3 -1 678.6 418.6

i -4 290.9 48.8 q4 -1 -7%.7 164.7

2 -3 145.5 27.3 3 -2 384.8 93.9

2 -4 399.9 67.6 4 - 2 90%.5 110.5

3 - 4 83-2 15-9 4 - 3 23.2 28-0

: TOTAL FLOW IN OR OUT H
ZONE RATE % SD (a~3/h) ACH % 8§D(/h) ZONE RATE * SD (a"3/h) ACH t SD(/h)

1 16606.1 1760.1 3.626 0.425 2 12719.6 1382.0 2.494 0.298
3 2156.1 229.2 2.914 0.342 4 5434.8 708.6 7.992 1.116

P06 ttttotatestststtotosetecsss st Q. IVIREICIIc223283833333¢ 3333282822883 22s2

1 WL SOURCE AVG, TRACER

| I | { CHC.

I g H () ¢ 5

3 PicP PaCH tPacH 1-P1CK

[ A580 PNCP 0372 % 0011 0135 % 0,028  0.033% 0016  0.002 ¢ 4,003
2 5100 PNCH  0.089 % 0.000 0.559 % 0.021 0.028% 0.002 0.012% 4,802
3240 ptPDCH 0,075 % 0.001  0.083 4 0.001  A.433 % 0023 00001 0004
& (80 T-PICH 0,028 & 0.002 0.009 & 0,000 0004 % 0001 0.285 ¢ .02

- A3 -



CATSE PP

1 c¥6 6589
oL g T3]
1 y¥+ 5912
11946 2950
L4494 2444
1 c33 8014
1 341 2928
1 342 454
126 5359

q (383
1 "G

08¢
19

276G 3403
2 H2o %
24921 ¥
2 c38 21
2323 71239
2339 8.4
26 79
220Q WM
22097811570
2" G- 40
2213 W%

Table A2 cqpt'd

CONCENTRATION(pL/L)

]
0,268 0199
.20 0201
0351 0113
.33 0.448
036 018
0410 0,201
LU AIY
302 01
0.427 0143

’I’l’!
.41 0.;“

ptracs 1-70M
:.020

Y]

PR oc?M
0.000 .14
0.000  0.126
LK 0107
0.000 6218
0000 1237
L0000
.00 04
.00 b0
000 0306
L0 01U
0.0 0.102
.00 018

oelCR oprid

e

0152 0,000 4,158  0.000 DELETED
0440 0,000 0130 0000 DELETED

0.126  0.000
0.256 0.000
1,285 0.800
.10

613
.24
1.28)

.80
0,000 DELETED

0723 0000 0723 0.0

0417 0000 0417 0000
0320 .00 0327 0000 BEL

0056 0000 0.162 0000 DELETED

0.0

0188 0195 .60
0.!7: 0.400 0001 .64 ELETED

000 00T 0 0 Ah M0 266028 000 286 0. DELETED
R R T I X T X TR K

0106 .00

0.557 .02 0012 0000 0375 4303 0.0

019

0060 03957 0,00078 0. 001ar 0,000 0.018670.132 .00 0137

0088 0.555  0.028 0014 0604

0.8 0.0

0,080 0550 0027 4011 0000

03 Al

0.344

0353 044
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All gas volumes are reported at 25 C. and 1 atm.

The standard deviation in the source strength has been set at 10 %.

The standard deviati~n in the volume measurement has been set at 5 Z.

The overall normalized condition number (K(C)/N"1.%)= 0.543

K(DC)/N = 1,086

Zonal condition numbers are:

ZONE 1 2 3 q

Condition Number 1.13% 1.138 1.03% 1.009
FLOW-RATIOS STD.DEV.

INFILTRN/EXFILTRN

ZONE 1 0.928 0.0659

IONE 2 1.081 0.1201

ZONE 3 1.574 0.3114

ZONE 4 0.934 0.0271

INTERZONAL

i~ 27 2~ 1% 0.743 0.1890

i- 37 3- 1 0.587 0.3636

i- 4/ 4- -3.843 8.3622

2- 3/ 3~ 2 0.378 0.115%

2~ 4/ 4~ 2 0.782 0.1925

3- 4/ 4- 3 o 3.581 4.3%13

STANDARD DEVIATION GF ptPDCH IN ZONE 1 IS GREATER THAN 2% %

STANDARD DEVIATIOM OF T-FTCH IN ZONE { IS GREATER THAN 2% X%

CTARMARD NEUTATION NF T-FTHH TN TORNF % TR GREATEFR THAN 25 X
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