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- 'I'v*-‘iif'ABSTRACT

o vf_':The goal of thrs pI'Q]eCt is to develop a physrcally based sem1-emp1rrcal model that descnbes the 7

L concentration of indoor concentration of PM-2.5 (particle mass that is less-than 2.5 microns in" -

d1ameter) and its sulfate; nitrate, organic and black carbon constituents, derived from outdoor :
“_'-:sources We have established the. methodology and expenmental plan for building the model.’

S Experlmental measurements in residential style houses, in Richmond and Fresno, California, are - )

o bemg conducted to provrde parameters for and evaluauon of this model ‘The model will be used 5

" to improve estimates of human exposures to PM-2. 5 of outdoor origin. - The. Ob_]eCtIVCS of this
L .‘study are to perform measurement and modehng tasks that produce a tested, semi-mechanistic

: v:descnptlon of chemical : spemes -specific and residential PM-2.5 arising from the’ comb1nat1on of
. outdoor PM and gas phase sources (HNO3 and NHs), and indoor gas phase (e.g. NH3) sources.
 We specifically address how indoor PM is affected by differences between indoor and outdoor

- '-temperature and relative humidity. In addition, we are interested in losses of particles within the
: f}burldmg and as they migrate through the bu1ld1ng shell. The resultmg model will be general

~-enough to predict probability distributions for species- spec1f1c indoor concentrations of PM-2: 5

- based on outdoor PM, and gas phase species concentrations, meteorolog1cal condmons burldmg

_vconstructlon charactensucs and HVAC operating condltlons

o Controlled intensive experlments were conducted ata suburban research house located in Clovrs _
. California, The experiments utilized a large suite of instruments including conventional aerosol,
- meteorological and house characterization devices. In addition, two new instruments were

e :-'developed providing high time resolution for the important particulate species of nitrate; sulfate;

L and carbon as well as 1mportant gaseous specres 1ncludmg ammoma and mtnc acrd Important

- :':msrde the house. This n1trate appears to dlssocrate into ammonia and nitric acid with the nitric

~acid qu1ckly depositing out. Initial model development has included work on charactenzmg
- penetration and deposition rates, the dynamic behavior of the indoor/outdoor ratio, and

o :vpredrctmg infiltration rates. Results from the exploratlon of the mdoor/outdoor ratio show that

the traditional assumptlon of steady state conditions does not hold in general. Many values of

' the indoor/outdoor ratio exist for any single value of the infiltration rate. Successful pred1ct1on

L of the infiltration rate from measured driving vanables is 1mportant for extendmg the results :

:from the Clovis house to the larger housmg stock. .

i



, INTRODUCTION

B A maJor scientific issue is understandlng the underlymg reasons for the causes of adverse health
effects resulting from ambient particulate matter (PM). Key to beginning to understand this
-issue is determining the actual exposure of. the populatlon to outdoor PM-2.5 (particle matter less
‘than 2.5 microns in d1ameter) Investigation of quantitative relattonshrps between particulate- -
matter concentrations measured at stationary outdoor monitoring sites and the actual breathmg-
' zone exposures of individuals to particulate matter has been identified by the Natlonal Research
~ Council Committee on Research Priorities for A1rbome Particulate Matter (1998) as one of the
. ten top research pnormes Determmmg indoor concentratlon is particularly crucial because o
individuals spend, on average, about 90% of the time indoors (70% in homes) (Jenkms et al.,
~1992). If indoor concentratlons of outdoor PM-2.5 cannot be quantified, then personal exposures
cannot be estimated based on outdoor monitoring sites. If exposures are not’ adequately '
characterized, then causal relattonsh1ps between outdoor PM 2.5 and health effects may be
erroneously attrlbuted : :

Prror studres of indoor and outdoor partlcle concentratlons have taken two forms mechamstrc

and phenomenologlcal Mechamstrc studies evaluate the relationship between indoor and

- outdoor concentratlons based on detailed measurements made under controlled conditions, in a
laboratory setting orin a: srngle room or house. These studies have provided valuable msrghts
into mechanisms, but rely on very detailed and generally unavailable data as 1nputs

“Phenomenological studies typically measure indoor to outdoor concentration ratios in. a single
house or a small sample of houses-but w1thout the ancrllary physics- related measurements that -
are needed to prov1de predrctlve capabrllty

This study aims to. develop a phys1cally based semlempmcal model that predrcts the _
concentration of outdoor PM-2.5 i in the indoor environment using outdoor monitoring data and
other readily available data as inputs. This type of model is commonly used in environmental

" engineering. The term ' semx-empmcal" implies that the mathematical form of the governing
equations is consistent with the dominant physical and chemical processes,. and that the model

~ includes one or more parameters that are determined from experiment. The parameters may also
~ be distributions that are sampled, using Monte Carlo methods; to provide estlmates of the .
distributions of the ‘dependent variable, e.g., concentrations of outdoor PM-2.5 for houses i in a -
region: This modelmg approach is more powerful than purely empirical descrlptrons in that
.s1gmf1cant extrapolat1on beyond the boundanes of the cnrcumstances tested is poss1ble

; Development of such a model to estlmate concentrat1ons of outdoor PM- 2 5 from outdoor
_measurements is feas1ble because there is now a substantial body of expenmental data and

. imodelmg research which indicates that the, major physrcal factors controlling mdoor

concentrations of outdoor PM-2.5 in residential buildings are: ventilation rate, deposmon losses
B to indoor and bulldmg envelope surfaces and phase changes that result from transport to the
3 ;,mdoor envrronment : : » : S o e

- ":Under Task 1 of our pro_|ect we the outlmed a seml-empmcal model for estlmatlng mdoor
: -fconcentratlons of outdoor PM; and we enumerated the parameters that must be determined
L -'through expenmental measurements A well controlled set of experrments was des1 gned to '



8 --:»prov1de the mput needed to refme and parametenze th1s model Where necessary, our Task 1 : - .

_refforts mcluded development of new real t1me measurement methods

= Thrs report presents our efforts under Task 2 Controlled Experrments ina Research House and
Task 3, Model Refinement and Parameterrzatlon Our research house is located in Clovis,

" California, a suburb of Fresno in California’ s'San J oaqum Valley Measurements were made
* during the late summer.2000, and durmg the winter, 2000-2001, co1nc1dent with the Cahfomla
- Reglonal Particulate Air Quahty Study (CRAPQS) The measurements focused on prowdmg
data on indoor.and outdoor concentration relat10nsh1ps for sub-2.5 um particles (PM- 2.5)as a
function of size and chemical. composmon under a’ vanety of configurations for the house
ventilation, heatrng and coolmg Indoor sources were m1n1m1zed to allow the quantltatlon of

- indoor concentrations of- particles of outdoor origin. This report presents the 1n1t1al data from

these experlments and the modelmg results derl ved from then

TASK 2 CONTROLLED EXPERIMENTS IN RESEARCH HOUSE
E EXPERIMENTAL METHODS -

' Study Locatton and Equtpment -

-_-The expenmental research fac1l1ty is a moderate s1zed home (134 m’ ) located in Clov1s CA and IR

constructed in 1972. It has a stucco exterior and sl1dmg, aluminum frame windows. The house

is s1ngle story, with standard height ceilings- (2 4 m),a forced air heatmg and coolmg system, and ,

ceiling fans, which were operated during the. expenments to promote mixing. The structure hasa
relatively low air exchange rate, with a normalrzed leakage area, ds measured with a blower
‘door, of 0.65. The house i is located ina res1dent1al suburb, surrounded by mature trees-and

~ Hornes of a srrmlar height and size. The ﬂat terrain and high level of sheltering resulted in

- relat1vely low: levels of wmd loading near the building. Fi gure 1 shows a floor plan of the home.

The indeor part1cle and gas measurement devices were all located in the living room. Systems to
measure tracer gas concentration and pressure differentials across the building shell monitored
the hvmg room location as well as several locations throughout the house, as shown in Figure 1.

" The following suite of mstruments were: 1nstalled at the expenmental fac111ty to measure the .
quant1t1es hsted '

7: i f'l—) v Optrcal partrcle counters (srze dlstrlbutlon for partrcles w1th d1ameters 0 1to3 um)
-2) Aerodynamlc partlcle counters (31ze d1str1but10n for partlcles with d1ameters 0. 5 to 10
-3) R'Condensatlon nucleus counters (total partlcle counts) R :
4) ':Integrated collection and vaporrzatlon system (ten mmute mtegrated samples of PM-
2.5 nitrate, carbon, and sulfate) - - : :
5) Ion chromatograph system (15 m1nute mtegrated samples of ions from soluble
. atmospheric § gases: ammonia, nitrite, nitrate, and sulfate) = R
-6) Aetholometer (20 minute mtegrated measuremeénts of PM-2 5 black carbon)
N Nephelometer (light scattering coefficient of suspended aerosol) ' :
- 8) Filter samplmg mamfold (12 hour mtegrated PM 2. 5 carbon, n1trate, ammomum and
© . total mass)- R : : :
9 Meteorologlcal system (wmd speed d1rect1on temperature relatlve hum1d1ty)




:.:»10) Tracer gas 1nject1on and: detectlon system (a1r exchange rate based on tracer gas
. .concentrations at a constanit mjectton rate) - o
11) Automated pressure testing system- (pressure drfferentlal across the bulldlng shell and
S vert1cal temperature profile indoors). . : :
T Many of these systems are commercrally available and commonly used in air quahty studles _
- "Forthe systems ‘which were custom made for th1s study, the followmg sections contain. complete
' _fdeSCI‘lptlonS of the rnstruments ' o :

'i_'}'-GasDeteetion e T o N
O PressureTap S j o _ L
Fotal house area (\\nhnut garu.t.) 144() n? (134 m? }

GARAGE

BEDROOM #1

CHALLWAY)

LIVING ROOM

SHED

“BACK PORCH -

Frgure 1 The floor plan of the Clovrs research house The stars denote gas sampllng Iocatrons
-for the. tracer gas system and the circles- denote Iocatlons of pressure taps to measure. the SR
pressure dlfference across the burldlng shell e




'Measurement Protocol v AR :

Experimental measurements were conducted in two phases, from August through October 2000

--and again from December 2000 through January 2001. Within these measurement penods

several weeks were used for intensive measurements which included 12-hour filter- based -

measurements of particle chemistry, tracer gas release for ventilation rate determination, and

manual manlpulatlon of the house confi; guration, as described below. Intensive measurements
were made from October 9- 23 December 11 to'19, 2000 and b anuary 16 to 23, 2001

In October most measurements were made with the house closed, and W1th vent11at1on controlled

by natural driving conditions, that is wind and temperature. The data in October showed that the
house. displayed a relatively limited range. “of infiltration rates when allowed to operate under
‘naturally occurring driving conditions. These values ranged in value from 0.2 to 0.5 air changes
“per hour (ACH), only becoming 31gn1frcantly hlgher when all of the doors and windows of the -
‘house were opened. At these lower infiltration rates we observed a large degree of dlssomatlon :

of the nitrate aerosol to nitric acid- and ammoma resultmg ina very small amount of n1trate

aerosol 1ns1de the house :

' _While it is important to CharacteriZe this natural behavior; we wanted to further explore the- range -
of infiltration rates that can occur in the general housmg stock. Opening the house up. would not
“have been pract1cal given the low outside temperatures experienced in Fresno durm g the winter.

R Therefore, we used a number of different techniques to mampulate both.the infiltration rate and -

~ the temperature gradient between inside and outside of the residence, attemptlng to explore the

~_ infiltration dr1v1ng force diagram. shown in Fig. 2. This diagram depicts a range of values of air

change and temperature grad1ents and the cond1t1ons in a residence that will produce these

- values. The term float refers.to a closed house with no additional forcing factors. (A zero value
“of AT corresponds to the difference between the house with no HVAC cond1t1on1ng and the '
“outdoors.) A house with open doors or windows is termed simply “open.” To move from
naturally produced 1nf11trat1on conditions to larger values for ACH requ1red forcmg add1t1onal air
mto the house by mechamcal means.
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Figure 2. A schematic of the range of in'ﬁl't'ration rates (ACH) and indoor/outdoor temperatu’re
differences that we explored during the wmter mtenswes "The boundary between “forced” and

“natural” demarks higher vaiues of ACH that could .only be achieved by mechanical means. See
the text for.a description of the terms used to descrlbe different conditions. '

':For our research house the temperature was controlled by usmg the house heating system usmg

-+ “'three nominal settings — no heat, a lower heatmg setting 68 F (20 C), and a higher heating setting

78 F (26 C). We utllrzed two methods to raise the infiltration rate into the forced regime. -The -
“first made. use of the fan over the kitchen range, which depressurized the building interior and
increased infiltration rates to between 1 t0-2 ACH.  The: second involved the use of a fan
‘mounited in the master bedroom window, which was part of a HEPA filtration system, with the
E -Vf11ter removed.. This fan pressunzed the house and prov1ded large values for the infiltration rate .

o .in the range of 4t0-6 ACH. It is worth ment1onmg that significant levels of nitrate aerosol were . -
:only observed. 1ns1de the house at these high mf1ltrat1on rates durmg the wmter These cond1trons IR

L .}correspond to very short res1dence trmes

B '-Seml-Contmuous Measurements of PM-2 5 Nltrate, Sulfate and Carbon |

- PM-2:5 nitraté, carbon and ‘sulfate were measured with 10-minute time ‘resolution usmg the | L
- integrated collection and vaporization method of Stolzenburg and Hering (2001).. This method "

_ "_collects PM:-2.5 partrculate matter by humidification and: impaction-onto a 1:mm’ d1ameter spot‘_:
~ -on a metal substrate. The sample is then. analyzed by flash- -vaporization and quant1tat10n of the .
'evolved vapor compounds Nrtrate concentrations are measured using low- temperature o B

_ '_vaponzat1on in a nitrogen carrier gas with quantltatlon of the evolved vapors using a v
. chemiluminescent monitor equipped with-a molybdenum comnverter to reduce hi gher oxides of o

B -mtrogen to mtnc oxrde Sulfate and carbon analyses are performed usmg hlgh temperature



-heatmg, w1th analys1s of the evolved sulfur dloxrde by uv- ﬂuorescence and carbon dloxrde by
ond1sperswe 1nfrared absorptlon : : :

Indoor and outdoor measurements were performed s1multaneously usmg a four-cell system One
pair of cells was used for nitrate measurements. A:second pair was used for the combined
measurement of carbon and sulfate. The: outdoor nitrate cell and outdoor sulfate-carbon cell
were housed indoors 1ns1de a box that was-ventilated with outdoor air to maintain near-outdoor
temperature at the point of sampling. Outdoor particles were sampled from a height of 3 m
through a' 9 mm diameter aluminum sampling line that was surrounded by a 86 mm duct through

- which the box ventilation air was drawn. This protected the samphng line from solar heatmg and
_temperature changes in the room: :

The indoor system sampled d1rectly from the room at a height of 1.5m, 0. 6 m from the wall. The
_outdoor collection cell box was situated near the indoor sampling cells, with the NO,, SO, and
COy analyzers in between. The analyzers and flash vaporization electronics were shared
between the indoor and outdoor cells. Particles were collected simultaneously, : and analyzed

- sequentially. Collect1on times were 8 min, and analysrs times were 2 min, to g1ve an overall
cycle time of 10 min.. :

. For both the mdoor and outdoor systems, coarse particles were removed using an 1mpactor with a
~ cutpointat 2.5 um. Interfermg vapors were removed using an activated carbon, multicell

" denuder. The airstream was splrt below the denuder, with 1 L/min each for nitrate analysis and
one for sulfate and carbon analysis. Each flow was humidified, then particles were collected by
impaction and assayed in place by rapid heating of the: substrate and analysis of the evolved
vapors. Theé temperature and relative humidity of each sample stream were: measured
vrmmedlately above each of the four collection cells.

The systems were calibrated using aqueous standards applied directly to the collection substrate |
and flash-analyzed. Additionally, the span of the gas analyzers were checked using calibration
gases supplied by Scott Marrin. Field blanks were determined by sampling filtered air. System
performance was monitored through several automatically recorded parameters including sample
flows, cell pressure durmg analysrs analys1s flash voltage and flash duration.

Ion Chromatograph System for the Measurement of Soluble Atmospheric Gases
An ion chromatograph (IC) system was developed to measure soluble gases mdoors and
_outdoors at the Clovis: field site. In this part of the study, ammonia and nitric acid are the primary
gas phase compounds of interest. The IC-analysis system consists of three subsystems '
"~ a) denuders to.collect water-soluble gases from the air,
- b) concentrator columns to-accumulate the dissolved. gases in ionic form and
.¢) anion and cation IC systems to measure the ions formed by the dissolved gases

‘The goal of this system is to obtain a sum of indoor and outdoor reduced mtrogen (ammoma) and
oxidized nitrogen (NOy) to aid in the understandmg of gas-to- partrcle conversion,
transformation, and deposrtron as outdoor air enters a building. The gas measurements prov1ded
by the IC system are a crucial component, when correlated with the house ventllatlon
characteristics, to gain insight on the physical and particularly the chemical processes that occur
durmg 1nﬁltrat10n and w1thm the indoor environment.




- ' _fThe denuders are- 0 6 ¢mo.d. by 70 cm long Pyrex tubes wh1ch are. lrghtly etched on the 1nter10r o
- surface to evenly distribute the flow of water. A- penstaltrc pump ‘flows water at a rate of 0.8

 'mL/min mto a PTEE f1tt1ng at the top of the tube. The water flows down the tube and is. 1solated =

,- . from the air ﬂow by a phase separator at- the bottom of the tube. Air is pulled through the tube'in - © |
. 'aconcurrent- flow arrangement with a d1aphragm pump A critical orifice maintains the air flow

" “rate at 1.04 L/min, which provides 0.5 sec contact time with the water film. Identlcal systems are . - -

B ,zused mdoors and outdoors. The outdoor denuder was fitted with a. heatmg system for operation at"
- ‘temperatures below freezmg A cyclone could be attached to the outdoor denuder 1nlet for

o operatlon durmg foggy cond1t1ons

A penstalnc pump collects the water at the bottom of the phase separator on the denuder and
pumps it to the concentrator columns. Flow from the peristaltic pump is splrt and directed )
' _through separate anion and cation concentrator columns (Dionex) and is balanced ‘with needle
- valves downstream of the columns. The flows from the concentrator columns are collected to :
- determine the actual volume of liquid that flows through each column The system was operated -
-s0 each column accumulated ions, for 28 mmutes followed by 2 mmute 1nJect10ns into- the IC .
‘system : :

. Separate anion and cation IC systems were used so that anions (mtrate ion from mtrlc ac1d) and

. cations (ammonium ion from ammonia) could be analyzed simultaneously. The injection and

~ analysis cycle-was completed in 15 minutes, allowing four measurements per hour (altematmg

- between indoor and outdoor measurements) The cation system provides measurements of
ammonium ion from dissolved ammonia, and the anion system provides measurements of n1tr1te
-1on (from nitrous a01d) nitrate ion (nitric ac1d) and sulfate ion (sulfur d1ox1de)

The collect1on eff1c1ency of the denuders was tested using dilute m1xtures of ammonia in.
-mtrogen and two denuders connected in series. No breakthrough into the downstream denuder
- was observed with gas flow rates of 1.0 to 1.9 L/min and water flow of 0.8 mL/min. In the field,
- the denuders were always operated with air flows of 1.04 L/min. The denuders have very close to -
- _umty collectlon eff1c1ency for soluble gases at the operatmg condmons used in the f1eld

The system was operated ina colleague s laboratory in the Chemrstry Department’ of the-
_Un1vers1ty of California, Berkeley to perform a gas phase nitric acid calibration and assess the

- Tesponse to gas phase nitrogen dioxide. The nitric acid calibration was.in good: agreement with

liquid calibrations, and nitrogen dioxide did not notlceably interfere with the nitric acid

_ . . measurement. The method reported by Lee and Schwaitz (1981a, 1981b) was used to estlmate
L ,the amount of mtrogen droxrde absorbed by denuders

o The system ‘was typ1cally callbrated by bypassmg the denuders and flowmg aqueous solutlons

- containing known concentratrons of the ions of- interest into the concentrator columns ‘This -

- method was the only practlcal way to calibrate the system in the field. The IC system response to

- agiven concentration of an ion is influenced by a number of factors; iincluding the concentration . -
“and flow tate of the carrier (eluent) solutlon and the system operatmg temperature. While we - -

attempted to hold these parameters constant some variation occurred. Consequently, cal1brat1ons
_of the system were performed periodically. Before or after each field deployment, the two ‘

- 'denuders were pos1t10ned s1de-by -side outdoors, and méasurements were performed over several ,

o hours to 1nsure that the two collect1on systems agreed w1th one- another : )



f:':After the mtensrve f1eld measurements we. used the callbratron measurements to develop a
system response versus-time curve for each of the ions of interest and’ completed a prehmmary

7analys1s of the f1eld ‘measurements. .The data are under review -to correct for system drift,to. -
L 'ellmlnate measurements collected when parts of the instrument malfunctioned, and to insure that A
" the proper calibration is used. We are preparing indoot and outdoor data files w1th concentratron o

' -{versus tlme for ammoma mtrrc acrd sulfur d1ox1de and mtrous acrd

leter-Based Carbon Analyses o
Quartz f11ters were used during the 1ntens1ve study perrods to measure mtegrated carbon Lo

o ‘concentrations of both outdoor and indoor air.  The filters were loaded in pairs, with a front frlter'

collectmg the. partrcles followed by a filter placed immediately behind this one, termed the: back
filter, to: quant1fy any artifacts in the total carbon measurement due to gas. absorption or partrcle '
' devolatrlrzatron The thermal- Evolved Gas Analysis (EGA) method has been used to measure
“the total carbon (TC) content of the quartz filters. In'EGA, a portion of the filter is heated at a -
‘constant rate of 20°C min’ from 50to 650°C in-an oxygen atmosphere The carbon-contamrng
- gases that evolve from the sample are converted to carbon dioxide using a catalyst which gas. is
subsequently measured using'a nond1spers1ve 1nfrared analyzer. By careful analysis of the -
resulting plot of carbon- dioxide versus temperature called a thermogram the carbon can be:
" drfferentrated into organrc (OC) and black (BC) carbon components L

_ Of the 140 quartz frlters collected durmg the Dec/J an field campalgn 130 have been analyzed

o Prevxously, 80 of the 100 filters collected durmg the Oct sampling period were analyzed. usmg S
- the EGA method: In addition, light attenuation measurements were made for all loaded quartz f o

- filters: (i.e., the front filters of the tandem filter pairs). The attenuation of hght bya sample is. -

r’used as-a measure of the BC content of the collected partlculate matter. The estimates of BC -

- using this techmque are necessary because it is often difficult to differentiate between OC and *
‘BC usmg only EGA since some of the OC co-evolves with the BC during the heating of the K
sample. A few. samples have been reserved for treatment with acétone to extract organic .

"-compounds prior to thermal analysis.  The removal of some of the organic material should allow -~ - -

‘better determination of BC. The solverit extracted: estrmates of BC will be compared to. those
: determmed by l1ght attenuation. ' S

’ 'TASK 2 CONTROLLED EXPERIMENTS IN RESEARCH HOUSE
B RESULTS B

o ,-'Indoor and Outdoor Nttrate and Sulfate

j."Nltrate sulfate and carbon were measured with ten- mmute averagmg tlmes usrng the Integrated

- Collection and Vaponzatron System described above: Separate cells were used for simultaneous . -
indoor and outdoor measurements. - At the outset and the close of the fall study period, the- indoor " -
~and outdoor cells were: compared by samplmg at the same location. For a 24-hr period begmmng» L
- at 1900 on August 22, 2000, both sets of cells were sampled from inside the study house. During = -~

this time the study house was well ventilated to provide sufficient: sample concentrat1on At the L

. end of the study period, on October 20,2000 from 1330 t01730, the cells were compared by -
; ;'conﬁgurmg the inlets of both systems to sample from the ventilated box. Results fornitrate and '
sulfate are shown in Fig: 3. We find. excellent agreement between the two nitrate cells at'the

E begmnmg of the measurement period. At the end of the period the two cells are well. correlated

but the 1ns1de cell read about 20% lower Recall that this conf1gurat10n had the mdoor cell .




: "f:.'..drawmg sample from the ventrlated box of the outdoor cell Durmg the comparlson the

_}'f-temperature between the two cells. slowly drlfted apart as the outdoor. temperature fell. Th1s
S i(temperature dlfference while slight, could causé the lower readmg from the inside cell.

However, the overall difference between 1ndoor and outdoor measurements is much greater than'

: this dlscrepancy For. sulfate the correlatlons between the two cells were weaker at the
' f.".l_t'begmmng of the study when concentrat1ons were low ' :

o :Sulfate and nitrate prof11es are shown for the fall study penod in F1g 4 The most, remarkable '

- feature is that a larger fraction of the outdoor sulfate is found indoors when compared to nitrate.
_:',v;‘,The indoor nitrate values are consistently much lower than outdoors, rising only during periods
- -of maximum ventilation in the afternoon and evening of October- 18th and. 19", The peak indoor

" sulfate concentrations are lower more rounded and displaced later in time than those measured
- ‘outdoors. This behavior is in accordance w1th expectatlons for non- steady state transport across .
~ the bulldmg shell : : -

-' vFor nitrate, we have duphcate measurements of amb1ent levels at the CARB mon1tor1ng site in-
Fresno, located 5 km to the southwest of the study house.. ‘Comparisons between these
" ‘measurements are shown in Fig. 5. Both the concentrations and the time profiles for outdoor

.- nitrate at the house are similar to those at the central momtormg site. Both sites see similar.

B 'mommg concentration maxima in nitrate, although the: afternoon maxima tends to be shifted later
in time at the Clovis house. This is most dramatic on August 25, when both sites see the
morning nitrate peak at 9am, but the second maxima occurs at.noon on the central site, and at

* 1:30 pm at the Clovis house The indoor concentration of nitrate shows a corresponding small
" ‘maxima 20 min later, at 1:50 pm. While-on-average these time shifts do not influence the -

o _observed daily concentration; they could be important when interpreting the data for human

exposure using time/activity data. Similarly, the time lag in concentration changes from ,
~-outdoors to indoors, and in our example from the central monitoring site to the study house, is
- -important to the interpretation of indoor - outdoor concentration relationships. The data indicate
~ “that on these short time scales, a s1mple mdoor outdoor concentrat1on ratio may not be a good
- ':descrlptor of the concentratlon relat1onsh1p :
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Ion Chromatograph System for the Measurement of Soluble Atmospherw Gases

. The preliminary ammonia measurements from the fall intensive period in October 2000 are
shown in Figure 6. The indoor and outdoor ammonia data were averaged by day (midnight to
midnight) and plotted. Rainy conditions at the begmnmg of the period suppressed both indoor
and outdoor ammonia. Instruments problems prevented.collection of significant data on 17
October. ‘The plot show that the indoor average ammonia concentration is always hi gher than the
outdoor average ammonia concentration. The difference between indoor and outdoor
.concentration varies widely. :
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Figure 6. Average daily ammonia concentration in ppb calculated from midnight to midnight for
both indoors and outdoors during the October, 2000 field intensive.

As might be expected, indoor concentrations of the gaseous compounds under study were much
less variable than their respective outdoor concentrations. The following are some general
observations from our measurements:

e The indoor ammonia concentration is almost always higher than the outdoor ammonia

concentration.

¢ Nitric acid and sulfur dioxide concentrations were almost always less than 1 ppbv, as

would be expected from the high ammonia concentration observed.

e [f the source of the excess (compared to outdoors) indoor ammonia is particulate matter,

there is not an increase in the concentration of the associated acidic species (nitric acid or
sulfur dioxide).

¢ During October, the average outdoor concentrations of nitric acid and sulfur dioxide are

higher than the average indoor concentrations.

e The average nitrous acid (HONO) concentration indoors is higher than the outdoor

concentration. This is not unexpected since photolysis by sunlight reduces outdoor
daytime nitrous acid to near zero.

The large measured difference between ammonia and either nitric acid or sulfur dioxide can be
used to address the concern that the denuders may be collecting soluble particles as well as
soluble gases. If a significant amount of ammonium-based particles were collected by the
denuders, the concentration of ammonium ion would be closer to that of nitrate or sulfate ion.
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The Desert Research Institute is performing NOx measurements at the District's First Street site,
and their outdoor NOx data, along with the indoor NOx measurements from the particle nitrate
system, may help in understanding the nitrous acid chemistry.

Combining the High-Time Resolution Particulate and Gaseous Measurements:

One focus of this research study was to coordinate near real-time measurements of gases and
particles using some of the newest advances in measurement technologies. Information obtained
using these new technologies is critical to improving our understanding the chemical
transformation of particulate matter upon entrance into a residence. The aerosol of primary
interest for chemical transformation is ammonium nitrate, which comprises a substantial mass
fraction of PM-2.5 in California and in other parts of the West. In the atmosphere, ammonium
nitrate is in equilibrium with gas phase ammonia and nitric acid. Upon entry into the house,
changes in temperature and the gas phase concentrations of ammonia and nitric acid shift this
equilibrium, resulting in the production of more particulate or the dissociation of existing
particulate ammonium nitrate. In the indoor environment, the gas phase concentration of
ammonia and nitric acid is highly affected by deposition to surfaces.

The two previous sections have described the development and performance of two important
instruments needed to investigate ammonium nitrate chemistry. By providing highly time-
resolved measurements, we are able to investigate the dynamics of the chemistry and its
dependence on housing characteristics in ways that simple integrated filter measurements do not
allow. Some initial results from the integrated collection and vaporization system (nitrate) and
the automated IC system are shown in Fig. 7. The indoor environment was manipulated for each
of the four 12-hour periods as follows: 1) air exchange rate ACH-4 h™! with heat off, 2) ACH-5 h’
! with heat on, 3) ACH-0.3 h™!' with heat off, and 4) ACH-1 h™' with heat off. Note how well
correlated the outdoor ammonia and ammonium nitrate measurements are, particularly on Jan
20th. The effect of indoor conditions on phase change is well illustrated by the transition from
period 1 to 2. When the heat is turned on there is a sharp decrease in indoor ammonium nitrate
particle concentration and an increase in indoor gas phase ammonia, indicating a shift from
particle to gas phase.

14
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Figure 7: High time resolution measurements of the concentration of both ammonium nitrate
particles and gaseous ammonia outdoors and within the residence.

Filter-Based Carbon Analyses:

Figures 8 and 9 compare indoor and outdoor average concentrations of Total Carbon and Black
Carbon, respectively, during each sample period. Computations are based on a sample time of
11.5 h and an average sample flow rate of 12 L min"'. Estimates of TC concentration have not
yet been corrected for sampling artifact (i.e., concentrations are based only on the mass of carbon
collected by the front filter of the tandem filter pair). BC concentrations are based on light
attenuation measurements made with each filter prior to (when loaded) and after (when clean)
EGA. The trend toward elevated concentrations of TC and BC during wintertime is evident in
both figures. Figure 10 shows four carbon thermograms produced by EGA. A thermogram is a
plot of the amount of carbon that evolves from the sample as it is heated during analysis. It is
similar to a chromatogram, except that in EGA organic compounds are not individually resolved
but co-evolve as compound groups with similar thermochemical properties. The area under the
thermogram curve is proportional to the carbon content of the sample. In Fig. 10, outdoor
thermograms are compared to indoor thermograms to illustrate an interesting feature that is
representative of most samples collected in October. Backup filters are used to estimate the
amount of organic gases that become adsorbed to the front filter during sampling. The
adsorption of organic gases is referred to as the positive artifact. Experience tells us that the first
peak in the thermogram (an indication that some organic material evolves at low temperature) is
usually a result of the positive artifact. In the case of the indoor sample, the first peak has similar
area and evolution temperature in both front and back filter thermograms. Therefore, we
conclude that the backup filter is a good measure of the positive artifact and that the first peak of
the front filter’s thermogram should not be included to estimate airborne organic particulate
matter concentration. The same cannot be said of the outdoor sample because it is clear that the
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carbon content of the backup filter is not an accurate measure of the carbon that evolves at the
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Figure 9. Outdoor and Indoor Average Black Carbon (BC) Concentrations based on light

attenuation by particulate deposits on quartz filters.
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Consequently, the correction for the positive artifact is not straightforward for the outdoor
sample. It may be that the backup filter underestimates the mass of gases adsorbed on the front
filter. Examination of Teflon filters, collected in parallel with the quartz filters in Dec/Jan, is
underway to help clarify this. Teflon filters, compared with quartz filters, have a chemically
inert surface and do not appreciably adsorb organic gases. While the Teflon filters decompose
prior to completion of the thermal analysis, they can provide useful information at the lower
thermogram temperatures. In addition, carbon thermograms of samples collected in Dec/Jan will
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be examined to determine if such a front/back filter trend existed during periods of elevated
particulate matter concentrations.

Collaborative Research at the Clovis House:

A great deal of effort was expended to prepare the Clovis house for the extensive particle and
house characterization necessary for the project. In order to capitalize on this effort, two other
research groups at LBNL have used the house after our intensive campaign to perform additional
experiments to characterize the house more completely, and to explore penetration and
deposition phenomena in the house using an alternate methodology. Both of these efforts will
serve to improve our modeling efforts, so we present a brief summary of these activities.

House Characterization: The physical characteristics of the house have been measured
extensively. Blower door measurements, which measure the amount of air leakage under various
imposed pressure differentials, have been performed on the house. This measurement is
commonly used to compare the relative 'tightness' of homes. The normalized leakage (NL) of
the house in Clovis is 0.65. (Normalized leakage is the leakage area normalized by floor area
and a house height factor.) The average house in California has a NL of 1.2, and the average
new house has approximately 0.75. A well-sealed new house has a NL around 0.5, and a very
tight house has about 0.25. In addition, measurements were made of the flow through the
heating system and into each of the air registers throughout the house, as well as the air exchange
rate between the house and the attic and garage. This information is important for assessing the
effect of use of the heater and air conditioner and possible confounding effects from particles
entering the house from areas not well represented by the outdoor monitors. This work is
supported by the Department of Energy, Office of Building Technologies.

Penetration/Deposition experiments: Quasi-steady state experiments were performed to
determine penetration and deposition rates. This method alternates periods of constant
pressurization with periods of constant depressurization using a blower door with a fan that can
operate in both directions. During pressurization, outdoor air is brought indoors through a
window-mounted fan, thereby eliminating the effect of penetration losses through the building
shell. During depressurization, the air is drawn through cracks in the building shell and particles
may experience penetration losses. Comparison between the pressurization and depressurization
concentrations allows separation of the effects of deposition and penetration losses. Varying
values of depressurization were used to assess the effect of airflow rate through the building
cracks on penetration loss rates. This work is supported by the Department of Energy, Office of
Non-Proliferation Research and Engineering.
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kL :_V-TASK 3 MODEL FORMULATION AND PARAMETERIZATION

L 'Penetratwn and Deposmon

s Two 1mportant physrcal factors Wthh mfluence the mdoor partrcle concentratlon are losses due

- to surface deposmon and penetratlon losses through the bu11dmg shell. Construction of an .
~ accurate predictive model requires-an understandmg of not only the magmtude of these
o 'parameters but also the1r vanab111ty and the causes for th1s var1ab111ty

Many researchers have performed expenments to study partlcle deposmon in the 1ndoor .
fenv1ronment (Offermann et al, 1985; Xu et al., 1994 ‘Byme et. al., 1995; Thatcher and Layton
~..1995; Fogh et al., 1997, Vette et al., 2001 Mosley etal., 2001, and Thatcher, et al., 2001). The

o results of these studies form a basis for our understandmg of depos1t10n Measured depos1t10n .
- loss rates show a wide degree of vanab111ty for any given particle size.: ‘This variability is due in

- ‘part, to differences in the conditions under which- depos1t10n rates were measured such as -
airflow intensity, fumlshmgs surface-to-air temperature differences, particle composition and

- shape, electrostatics, and instrumentation and measurement methods. Our understanding of the
. relative influence of these various env1ronmental factors is st1ll mcomplete :

o ' Another key factor mﬂuencmg 1ndoor exposures to partlcles of outdoor ongm is the affect of -

losses due to particle filtration by the building shell. These losses are typically quantified by the
use of a penetration factor, P, defined as the fraction of partlcles in the infiltrating air, which pass
through the building shell. Experimental data on penetration factors in actual homes is sparse.
This leads to a high degree of uncertamty in the appropnate value to use for the penetratlon

' 'factor ' : : -

Smce both deposition and penetration losses are particle size dependent-and occur
simultaneously, it is difficult to separate the effects of these factors in a residence. Our
~ experimental design is such that the indoor concentration is varied over a wide range and we
. analyze events where deposmon is the domlnant loss mechanism as well as those where-

' .penetration losses dominate. ‘A transient model employmg a two-parameter fit is used to

- -determine the combmatlon of deposrtlon rate and penetratlon factor which best fit the observed
~data. ' : :

'-:A typ1cal run started with a short penod of resuspens1on act1v1t1es followed by a penod of
- concentration decay The bu11d1ng was. then pressurlzed using a High Efficiency Particle

ks Absolute (HEPA) filter mounted i ina wmdow The HEPA filter supplied the building w1th

,essentlally particle free air, causing. the particle concentration to drop to nearly zero. The HEPA

. filter was then turned off and the concentration was allowed to. rebound to a steady state value ‘

B _ During the concentration decay period, when indoor concentrations are relatively hlgh losses
due to depos1t10n are large compared.to gains due to partlcle infiltration: During the .

- - concentration rebound period, ‘the opp051te is true. Therefore, penetratlon and depos1t10n losses o

' --:::can be effectlvely separated ‘We. apphed this method in both the field houses in Rlchmond and
- “Clovis, CA. The very different construction of the two houses allows us to 1nvest1 gate the effect ~ -
- :_-::of buxldmg charactenstlcs on deposmon losses and penetratlon factors : -
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Figures 11 and 12 show the penetration factors and deposition loss rates as a function of particle
size obtained from the experiments performed in the Richmond field house. The difference
between the optical and aerodynamic instruments is most likely due to the different methods
employed by the instruments to measure particle diameter. The optical instrument uses light
scattering to measure the apparent optical diameter of the particle. For non-spherical particles,
the optical diameter of a particle can be significantly different than the aerodynamic diameter,
which is measured using the velocity of a particle through an accelerating air stream. Analysis
of the experiments from the Clovis house is in progress.
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Figure 11. Particle penetration coefficient as a function of particle diameter for
experiments at the Richmond field building. Error bars represent the standard error.
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Figure 12. Deposition Loss Rates as a function of particle diameter for the Richmond
field building. Error bars represent the standard error.

Dynamic Behavior of the Indoor/Outdoor Particle Ratio:

There are a number of physical factors that contribute to the distribution of indoor/outdoor ratios
at a particular value of infiltration rate. One primary consideration is the time lag between
changes in outdoor concentrations and response within a residence. The outdoor concentration
of any particular aerosol species continually varies with time and it takes the house a period of
time to respond to these changes. The response time to changes in outdoor concentrations will
depend on the time scales for infiltration and particle removal. For chemically reactive species,
such as nitrate, the indoor/outdoor ratio will also be a function of the conditions (e.g.
temperature, other reactant concentration) in the residence. In addition, outdoor pollutants can be
local in nature (such as a neighbor mowing the grass) that generate particle plumes. The plumes
do not encompass a large enough area for a long enough time to distribute uniformly across the
building shell and infiltrate into the house in a predictable manner.

21



i 6

é "

[0

¥ 4T

o i

=

9o 2+

©

= B

E oL

1.6 —

o -

8 12}

- L

© 081

= —

< b4

s . )
= %Mm%/\_,

0.0L . ,

n 60 +—

% »

S 401+ Qutdoor

g T N

©

g 20 W\,‘A] Indoor

P _;w—"_‘/k‘— ==
0 T I T

T T T T T T T T T T
12:.00 AM 12:00AM 12:00 AM 12:00AM 12:00 AM 12:00 AM
1/17/01 1/18/01 1/19/01 1/20/01 1/21/01 1/22/01

Date in January

Figure 13. Outdoor and indoor particle concentrations, the indoor to outdoor nitrate
concentration ratio, and the infiltration rate as a function of time for the intensive
measurement period in January, 2001.

As a first examination of the real time data from the intensives, we have focused on exploring the
dynamics of the ratio between indoor and outdoor levels. We are specifically interested in what
we are exposed to indoors from outdoor sources. We focus on the ratio because it has been an
historical focus of the “infiltration” community. Although this analysis is preliminary, some
interesting observations have emerged. Figure 13 shows a plot of the nitrate data collected
during part of the January intensive, along with the indoor/outdoor ratio and the infiltration rate.
It does appear that, on average, higher air change rates result in a larger indoor/outdoor ratio.
However, when viewed over shorter time ranges, it is clear that a range of ratios is associated
with a specific value of infiltration rate. This is drastically different than many previous studies
that report a single value of the indoor/outdoor ratio for a house or collection of houses in a
particular geographical area. (Dockery and Spengler, 1981, Ozkaynak et al, 1996, Wallace,
1996.) These results show the strength of the near real-time particulate analysis system.
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e 'Because the 1nf1ltrat1on of pollutants into'a structure can exh1b1t complex behav1or and- due to
- -_the ava11ab1l1ty of our h1 gh time-resolution data e have begunto. probe the equat1on descnbmg
- partlcle infiltration in more detail. A- s1mple form of the. time. change in indoor. part1cle
B _concentrat1on for a grven size and compos1t1on partlcle can be written as follows

'dC

.—d—t.-_(cp C)/l. deep S
- where: C; = indoor concentration
oLt =sampletime -
- C, = outdoor concentration
- P = penetration loss factor
A = air exchange rate
“Kaep = deposition loss rate

This equation can be rearranged to express the ratio of indoor to outdoor pollutants,

o 1.dC )
c,__P’l,/cv“ /dt

C_— A+k

0 dep

@

Th1s formatlon of the equation for the ratro may help prov1de 1ns1ght 1nto the relatlve 1mportance _
of various factors influencing the indoor-outdoor ratio since the major-loss terms are grouped in
~the’ denommator while the important gam term is in the numerator. :

A great deal of prevrous research regardmg partlcle 1nf11trat1on has assumed steady state v
- conditions, dC/dt = 0, which greatly simplifies equation (1). (Alzona et al, 1979; Dockery and .
- Spengler, 1981, Ozkaynak et al, 1996, Thatcher and Layton, 1995, Vette et al 2001, Long et al, -

. _'2001) Our data show that this assumption is often inappropriate. Moreover itis clear that the .
'_assumptlon that C, and ‘A are constant is also often not true. To. explore the time rate of change |

- of this ratio, terms involving quantities such as the time rate of change of the 1nfrltrat1on rate
'(d/l/ dt) time derivatives of both C;, and Co, and the ratio C; :/C, will be compared ‘We are

- currently usmg the data set to explore the relatrons in the dynamlc form of the 1nf1ltrat10n
- equation, with a goal of identifying what processes most affect the ratio and under what .
.. conditions. ‘In addition, we are 1ntegrat1ng the data using various averagmg times'to observe

o "d1fferences in the indoor/outdoor ratio and the dependence of th1s rat1o on other observables such
-_as the 1nf1ltrat1on fate change - g L S -

. 'Inﬁltratton model developments appltcatzon of the LBNL Inﬁltratzon Model

Pred1ct1ng average concentratrons of 1ndoor PM of outdoor ori gm (that are most relevant for :
estimates of chronic PM exposures) requires ‘sub-models descnbmg air: 1nf11trat10n rates and the -
~ indoor PM concentrations that result from infiltration and other processes. Inf1ltrat10n rates can. - :
: be pred1cted based on read1ly measured propemes of the housmg stock (e.g: leakage areas),

-regtonal meteorologlcal characteristics, and’ assumptions concerning the human factors affectmg :
'_.'bu1ld1ng operatlon (e g wmdow and door openmg, and HVAC operat1on) Pred1ct1ng air '



infiltration rates for housing stocks representing geographical areas can arguably best be done
using a probabilistic approach that explicitly incorporates the uncertainties inherent in building
parameters and housing operation.

We have recently completed an initial comparison of the measured and predicted infiltration
rates obtained from the Clovis field site house. The infiltration rate was measured with
approximately hourly resolution using a constant release of SFg tracer gas. The infiltration rate
was modeled using the LBNL/AIM infiltration model (Walker and Wilson, 1998). The model is
parameterized by building characteristics (e.g. area, volume, and leakage area), and driven by
measured indoor-outdoor temperature differences and wind speed and direction.

As shown in Fig. 14, the comparison between the measured and the most probable model
estimate of infiltration rate is quite good for a period in December 2000, when the house was not
mechanically ventilated. In particular the model captures the diurnal variation in air infiltration
rate due to temperature induced “stack effect”, and partially captures the increases in infiltration
rate due to wind loading on the building during the windy periods on day 356 and 357. Some of
the other artifact spikes in the measured data are due to people entering the house or introducing
extra tracer gas during a change of the tracer gas supply system. Based on the good agreement
between the measurements and the model we expect to be able to extend the predictive capability
for infiltration rate and later indoor particulate matter concentrations to the larger housing stock.

Infiltration Rate Comparison
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Figure 14. Measured and modeled infiltration rate for the Clovis residence.
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Complet1on of the infiltration rate modelmg requlres an exphcn estimate of the uncertamty in-
infiltration rates and an estimate of the likely uncertainties in the mdoor-outdoor PM ratio. We
-are presently completm g the uncertainty- analy51s for mf11trat1on rates based on RMS differences

. - between the measured data and model pred1ctlons from the Clov1s field site and plan to complete '

' afirst order error analysis of indoor outdoor PM ratios. Tater this summer. Errors in the estimated

deoor-outdoor PM ratio due toirifiltration uncertainties will be estimated by comparing 12 hr .
averaged mdoor-outdoor PM ratios calculated using measured and modeled infiltration rates to- :
drive a time dependent size conserved partlculate transport model that includes characteristic PM
size distributions and PM deposition rates. ‘Once complete the infiltration rate analysis will be -

o combmed with measured indoor-outdoor ratios. to tést both the size conserved model and model |

- refmements that embody phys1o chemrcal processes relevant to mtrate particulate matter
formatlon - S

-CONC-LUSIONS},

The goal of this prOJect is to develop a physrcally based sem1-empmcal model that describes the
concentration of indoor concentration of PM-2.5 (particle mass that is less than 2.5 micronsin
-diameter) and its sulfate, nitrate, organic and black carbon constituents, derived from outdoor -
sources. We have established the methodology and experimental plan for: developing the model.
Experimental measurements in residential style houses, in Richmond and Fresno, California, are.
being conducted to provide parameters for and evaluation of this model. The model will be used . -
to improve estimates of human exposures to PM-2.5 of outdoor origin. The objectives of this

- study are to perfo_rm measurement and modeling tasks that produce a tested, semi-mechianistic -

- description of chernical species-specific and residential PM-2.5 arising from the combination of
outdoor PM and gas phase sources (HNO3 and NH3), and indoor gas phase (e.g. NH3) sources.
We specifically address how indoor PM is affected by differences between indoor and outdoor
temperature and relative humidity. In addition, we are interested in losses of particles within the
building and as they migrate through the bu1ld1ng shell. The resultmg model will be general -

-enough to pred1ct probability d1str1but10ns for species- spec1f1c indoor concentrations of PM-2.5
‘based on outdoor PM, and gas phase spec1es concentrations, meteorologrcal conditions, bu1ldmg

o construct1on characterrsncs and HVAC operatlng condmons

i _Controlled expenments were conducted in ‘both the fall and winter for the Clovis. house The o
. winter. experiments, in partlcular focused on methods to mampulate important house parameters
. like infiltration rate and temperature gradient to explore the range of conditions that would be o
" encountered in the general housing stock. In’ add1t1on to a suite of tradition aerosol," A

_ meteorologrcal and house characterization 1nstruments two new- mstruments were developed for o
- the study. These instruments, the integrated collection and vaporization system (IVCS) and. the

. ‘automated ion chromatograph system to measure soluble atmospheric gases, were crucial ,
' _:-provrde the h1ghly tlme resolved data necessary to charactenze the partrcle mﬁltranon dynamlcs

= ,-Expenmental results from the fall and wmter have prov1ded many initial i insi ghts mto the

“1mportant physrcal processes governing part1cle 1nflltrat1on Duphcate IVCS measures of
nitrate at a site Skm away show that the two locations ‘experience similar outdoor concentratlon

. proflles ‘with the occasional time sh1ft between events.- The IVCS showed a larger fraction of -
A sulfate mdoors than mtrate provrdmg ev1dence that the mtrate pamcles undergo chemrcal
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transformatlons upon entenng the resrdence This observatlon was supported by gas
measurements provided by the automated IC system; which showed that average indoor
ammonia concentrations were always higher than average outdoor concentrations. Moreover,
indoor concentrations of nitric acid were quite low. If the source of the higher indoor ammonia
_~concentratlons is the dlssocmtron of partlculate nitrate, then the nitric acid is quickly lost to-
deposition. Perhaps most exc1t1ng isthe combination of the two systems, which shows that.
outdoor ammionia and nitrate. partlculate are well correlated: ‘This data also show the effects of
air change and heat on the indoor mtrate concentrations, w1th larger indoor temperatures leadmg '
to a decrease in- 1ndoor mtrate and an mcrease in mdoor ammonia.

'-Model development based upon our expenmental results has focused on three areas. An
innovative experiment was des1gned to separate the effects of particle penetration and deposntlon
fitting the data with a transient model. Results presented for the Richmond house, which is quite
leaky, show the resultmg penetration factors to be large. ‘The deposition results are in a
reasonable range when compared with-previous measurements. The real-time data from the
~ intensives has been. used to mvest1gate the dynamlc behavior of the indoor/outdoor particle ratio.
" The data have been exammed using a s1mple form of the dynamic infiltration equatlon which
includes the effects of important parameters like penetration, deposition, and infiltration rate.-
TInitial results show ‘that the traditional assumption of steady state conditions cannot, in- general,
'be made; many values of the: mdoor/outdoor ratio exist, particularly at low air change rates.
Finally, we have been successful in predlctmg infiltration rates for-the Clovis house using
expenmentally measured drivers of indoor-outdoor temperature differences and wind speed and
wind direction. - This. ab111ty to predlct mflltratlon rate w1ll 1mportant to extend the results for our -
one house to the larger housmg stock. '

The expenments that we have conducted in Clov1s turning the typical suburban house-into a

. laboratory, have y1elde_d an extraordmanly rich data set. While many of the individual

. measurements are interesting on their own, the true value comes with the combination of
different techniques, as seen by the correlation of the real time gas and particle measurements.
Important initial observations mclude the result that, with rare exceptions, there is virtually no
nitrate found inside-the house. Th1s nitrate appears to dissociate into ammonia and nitric acid
with the nitric acid depositing out quickly: Our initial model development has focused on what

~ will become elements of the larger semi-empirical model to predict the concentration of outdoor
PM-2.5 inside residences.: Using the results of this study, we should have an excellent
understandmg of the 1mportant physncal processes controlling the movement of outdoor particles
: ms1de : : : . _ :
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