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TECHNIQUE FOR.DETERMINING POLLUTANT EMISSIONS FROM A GAS-FIRED RANGE

Gregory W. Traynor, Douglas W. Anthon, and Craig D. Hollowell

Building Ventilation and Indoor Air Quality Program
Energy and Environment Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720
United States

Abstract-Domestic combustion appliances can cause elevated levels of
indoor air pollution when operated. We have measured a wide variety of
pollutants emitted from‘the oven and top burners of a natural gas-fired
range. Results showed that indoor pollutant levels from a gas-fired
range can be in ekcess of outdoor levels. A mathematical indoor air
quality model was applied to our laboratory studies to calculate pollu-
tant emission rates per caloric value of fuel consumed. The model was

also used to calculate the temporal profile of the indoor pollution con-
centrations as well as to determine indoor pollutant decay rates from
mechanisms other than air infiltration. Compatisons of measured and
calculated data showed good agreement, and suggests that this model may
be useful for determining pollutant emissions from a wide variety of
other soutcés, for estimatiné pollution levels in other indoor environ-

ments, and for evaluating pollutant control strategies.

keywords: air pollution, carbon monoxide, formaldehyde, gas stove,
indoor air quality, infiltration, modeling, nitrogen diox-

ide, partiéles, ventilation.
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" remove their emissions from the residence.

INTRODUCTION

Air pollution research has recently begun to focus on the problem of
indoor air qﬁality. Several studies have shown that the concentrations of
certain pollutants in residences with combustion ‘appliances frequently
exceed those found in residences without combustion appliances or those
found outdoors (Hollowell et al., 1977; Palmes et al., 1977; and Melia et
al., 1978) Indoor combustion appliances such as gas-fired ranges, gas-fired
water héaters;‘unvented gas-fired space heaters, and portable kerosene-
fired space he;ters emit a wide variety of pollutants, including carbon
monox;de (co), carbqn dioxide (C02), nitric oxide (NO), nitrogen dioxide
(NOZ)’ sulfur dioxide (SOZ)’ formaldehyde (HCHO), and respirable particles,
and can represent a major source of air pollution in some residences. The
pollution leveis resultiﬁg from the use of such appliances depends on many
factors: the rate at which the pollutants enter the living space (i.e.,
the source_étrength), the duration of appliance operation, the type of pol-
lutant, and the number and type of mechanisms available for their removal
(e.g., infiltration, mechanical ventilation, and chemical/physical reac-

tions).

- This paper focuses on quantifying pollutant source strengths and emis-
sion rates associated with the use of domestic gas-fired ranges. The pol-
lutant source strength (mass of pollutant emitted per unit of time) is a
combination of the pollutant emission rate (mass of pollutant emitted per
caloric value of fuel consumed) and the fugl consumption profile of the
appliance. In the past, gaé ranges were manufactured with a venting option
at the back of the stove, however, in néw stoves the oven pollutants are
vented at_the tbp of the stove, such that oven pollutants and top-burnef
pollutants directly enter the interior living space. Although range hoods
can alleviate most of the problem, they-are_frequently not used because of
the high noiée levels generated by the fans among other reasons. Gas

stoves may -increase indoor pollution levels if no provisions are made to

.

In the past, pollutant emission rates from combustion appliances have
been determined in two different ways: Cote et al., (1974) used an 8.0 m3
chamber with a high flow rate (504 m3 h_l) and calculated emission rates
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from the difference between the inlet and outlet pollutant concentration
and the flow rate through the chamber. Himmel and DeWeith (1974) and Yama-
- naka et al., (1979) both relied upon measuring the ratio of the pollutant
of'interest to.the CO, concentration in the appliance plume and then calcu-
lating the emission rate of the pollutant using the theoretical CO2 emis-
sion rate. The technique reported here for determining the pollutant emis-
sion rate of the appliance relies on an indoor air quality modeivwhose
parameters are measurable in a wide variety of buildings. ' The model
described in this paper uses the indoor pollutent concentrations, the out-
door pollutant concentrations, the air-exchange rate of the building, and
the indoor pollutant reactivity. Because these parameters can be. easily
measured in a wide variety of buildings, this eb}roach can provide a more
extensive and realistic profile of indoor air 4ua11tyvthen has heretofore

been attainable.

MODELING

Four basic physical/chemical processes that describe the behavior of
pollutants in an enclosed chamher were-described by Alonzo et él., (1979)
and later used by Dockery and Spengler (1981) to analyze field samples of
respirable particles. In summary, the two processes that increase indoor
contaminant. levels are the flew of outdoor contaminants into the interior
environment (less the fraction that is removed by the building shell), and
the rate at which contaminants are generated indoors ({.e., the pollutant
source strength); the two processes that decrease indoor contaminant levels
are the flow of indoor air out of the interior environment, and the net

removal rate of indoor contaminants via various chemical and physical remo-

val processes that occur completely within the interior environment (e.g.,

wall adsorption). Both Alonzo et al., (1979) end Dockery and Spengler
(1981) combined these processes into a single conservation-of-mass model.
The model assumes that the concentration of the air that flows out of the
chamber is the same as the average indoor concentration. (The use of a
mixing fan helps ensure that this assumption is correct.) The mathematical

expression for the change in indoor contaminant mass concentration » using



notation similar to Dockery and Spengler, is:
dc = Pa C_ dt +‘% dt - (a+k) C dt | (1)
where:

C = averagé indodr contaminant concentration;
(ps n3);
Co = outdoor contaminant concentration
(ps m3);
P = fraction of outdoor contaminants that penetrates the
shell (unitless) (1 = 100%Z penetration);
a-= airvexchangevrateuin,air changes per hour
(ach) (n~ly;
S = generation rate of indoor contaminanis, also called
source strength (pg h-l);
V = chamber volume (m3); -
k = net rate of removal processes other than air flow (h'1

).

Assuming Co’ P, a, S; and k are constant, Equation (l) can be solved for

C(t) to give:

’

PaC _+S/V  -(aHot

a+k

-(é+k)f (2)

C(t) = [1 - ] + C(0)e

"Equation (2) describes the average (séatialj concentration of a pollutant
in an enclosed spa@e of a given volume. This model, developed to describe
the behavior of indoor particulates, can ‘be extended to describe the
behavior of gases as well. For gases, C(t) and Go are in units of parts-
per-million (ppm) and S is 1in units of cm> h'l, For gases, the volumetric

concentration 1is used rather . than the mass concentration because it is

independent of temperature and pressure and thus yields easilyvinterpreted

results.

’ In our experiments the fuel consumption rate is a step function éausing
the source strength, S, to be a step function that is constant over

specific time intervals. To properly describe the’temporﬁl behavior of the )
indoor concentrations, a separafe equation 1is needed for each distinct

source strength. = The equations are coupled through the C(0) term, where
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‘the final concentration, C(T), in one regime is C(0) in the next regime.
Rearranging Equation (2) to isolate a non-zero source strength (expressed
as S/V for convenience) and letting T eﬁual the duration of the constant

source strength, gives us:

-(a+k)T
[1-e -(a+k)T

< y
v - PaCo (3)

] .

Finally, by multiplying Equation (3) by V and dividing by the fuel consump-
tion rate, R .(kJ h-l), we can obtain the appliance emission rate, E (Pg

kJ-! for particles and cmBVkJ-1 for gases).
E =S oY M = ce@IT )  VPaC, “
- R -(a+k)T R

[1l-e ]

For gases, E in cm3 kJ'1 can be converted to pg kJ-l by using the ideal

gas law and the time-weighted average - temperature and pressure in the

chamber. Note thét Eqﬁatidn (4) relies on the initial and  final spatial -

average concentration of indoor pollutants, C(0) and C(T), rather than on
the temporal concentration profile, suggesting that the use of a mixing fan
is not necessary as long as all of the mentioned and implicit assumptions
are met and the initial and final average indoor concentrations can be
feliablyvdetermined. A ndxing'fan can help ensure that these conditions
are met. The danger of using a mixing fan is that it could interfere with

the combustion’process of the appliance.

EXPERIMENTAL

In applying our model to the determination of gés-range emissions, we
used an environmental chamber equipped with the supporting air monitoring

instrumentation described below.

Environmental Chamber

A schematic of the environmental chamber is shown in Fig. 1. ' The
~environmental chamber is 27 m3, approximately the size of a kitchen or
small bedroom. It is situated inside a larger building, which contains and

stabilizes the chamber’s "outdoor" air. (All outdoor measurements referred

to in this paper were taken inside the larger building.) The chamber floor
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is concrete.and the walls and ceiling are sheetrock that has beeh.taped and
sealed. A remotely operated -gas stove equipped with a range hood is
located inside the -chamber. The alr-exchange rate, due to infiltration,
varied from 0.24 to 0.42 air changes per hour (ach) with no mechanical ven-
tilation. Using the range hood (0;76 m above the range) increases the air
exchange rate to 7.0 ach. Intermediate values are obtained by varying an

adjustable orifice attached to the inlet of the range hood. A three-speed

- 0. 030-m (12-inch) oscillating fan was placed in a corner of the chamber and

operated at low speed when used for mixing.

t

Instrumentation

The parameters measured and the techniques and/or instrumentation used

~ are summarized in Table 1 and represented schematically in Fig. 1. All

sampling probes used were located in the center of the chamber at a height

of approximately 1.5 meters.

Most measureﬁents of indoor air quality were conducted by the Mobile
Atmospheric Researcthaboratoty (MARL), which is capable of. remote, mul-
tipoint sampling for such pollutants as SOZ’ NO, NOZ’ co, CO2 -and O3 (see
Fig. '1). Gas-phase samples are drawn into the MARL through a teflon tube
with a teflon filter on the inlet side that restricts_particles from enter-
ing the sampling system and the instruments. This teflon filter is changed’

-daily to prevent particles from accumulating and contaminating the gaseous

- sample. The residence time of the sample in the teflon tube is 2.4

seconds.

A commercial permeation tube was used to generate SO2 and NO, calibra-
tion gas, and calibrated tank gases were used for CO, COZ’ NO, and 0,. All

continuous gas analyzers were calibrated daily.

Separate probes were used, with appropriate precadtions to maintain
pollutant integrity,k‘to monitor formaldehyde (HCHO) and particulates.
Time-weighted average HCHO concentrations were measured over a period of 30
minutes by means of a modified pararosaniline technique recently developed

by Miksch et al. (1981) at the Lawrence Berkeley Laboratory.
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Particulates were monitored on a real-time basis using an electrical
aerosol analyzer designed to measure the number concentration and size dis=-
tribution of particulates between 0.0l and 0.5 um in diameter (Whitby,

1976). Volume concentrations were obtained by assuming particles to be

spherical and mass copcéhtrations were obtained by assuming -a particle den-

sity of 2.0 g cem™3,

Particles were also size-segregated to isolate the combustion parti-
cles, and the fine fraction (<2. 5 pm) was collected onto filters for subse-
quent laboratory analysis of mass and composition. Sampling times were
typically thirty minutes. Samples used to determine particulate sulfur
concentration were collected by meéns of an Automatic Dichotomous Air
Sampler (ADAS) which uses virtual impaction to separate the fine fraction
onto teflon filters (Loo et gl-,,1976)- These samples were analyzed by X~
ray fluorescence (Giauque et al., 1973). Samples for mass ahd carbon
determination were size-segregated wusing a tandem-filter arrangement
(Parker et al., 1977) and were collected on teflon and quartz fiber

‘filters, respectively. Fine particulate mass ﬁas deﬁermined gravimetri-
cally, and carbon content was determined'by combusting the aerosol sample
in oxygen and measuring the resulting carbon . dioxide (Mueller et al.,
1970).

Measurement Protocol

'The measurement protocol was based on determining the emission rate
model paraﬁeters listed in Equatioh (4). The procedures we followed are

summarized below:
Ve The volume was determined with a tape measure to be 27 m3.

R: The gas consumption rate was measured using a dry test meter in the

natural gas line supplied to the appliance.

T: The duration of constant source strength 1s the same as the duration
of constant gas consumption rate and was determined from the gas con-

sumption profile.

.



The air exchange rate was determined after the appliance was turned

off (i.e., when S = 0). It was determined for each experiment by

" using a non-reactive gas (i;e., one with k = 0 and P = 1 such as CO

or C02) as a tracer. Equation (2) was then rewritten as:
C(T+t) - C_ = [C(T)=C le 2% )

By taking the natural logarithm of both sides, a was easily deter-
mined by regression. (Typically, the first data point used in this

regression ranges from t = 10 min for experiments with a mixing fan

to t = 20 min for experiments without a mixing fan. This allows the
chamber to stabilize and thereby avoids bi?sing the results.)

The indoor pollutant reactivity was determined in a manner similar to
that used to determine a. The combustion appliénce was operated long

enough to ensure that

C(i) >>’C0 (6a)
_and

C(T) >> c(0) v (6b)

Equation (3), after S = 0, then reduces to:

C (T+t) = C(T)e '(a+5)t (7)

By taking the natural logarithm of both sides, a+k was deter-
mined. (k can be determined since a is known from the previous

calculation.)

C(T): The peak indoor concentrétion was determined from Equation (5) for

c0, CO, and O, and from Equation (7) for SO s NO_, HCHO, and fine
2 2 2 X

particles.

C(0): The initial indoor concentration was measured before the appliance

was fired.



C.: The outdoor concentration was measured before and after thefapﬁliance
test for CO, COZ’ SOZ’ Nox, and 02 aﬁd was measured simultaneously

for HCHO and fine particles}_

P: The outdoor pollutant penetration factor is determined when S = 0 and
an equilibrium indoor/outdoor concentration is established. By
inserting S = O and letting t approach infinity, Equation (2) reduces

to:

PaC
0
(a+k)

C(m) = (8)

Since C(oo)/C0 is measured and both a and k are known, P can now be
calculated by rearranging Equation (8): ' '

P = C(m) (at+k)
T C a

[o )

(9

Special procedures used for calculating HCHO and non-continuous parti-

culate data. Special procedures were used to calculate C(T) and a + k for
HCHO and fine particles collected on a non-continuous' basis. For HCHO,

successive one~half hour samples were collected after the gas range was
turned off. By integrating Equation (7) from t1 to t, we get.

-(a + k‘)t1 -(a + k)t

e =C = C(T - 2. (10)
C (T + tl, T +vt2) C1 P [ e e ]

Based on two successive sample concentrations, C1 and'EZ,

sampled for equal time intervals'it.can be shown that

InC, -1nC
1 2 (1l1)
(t2 - tl)

(a + k) =

A value for k was determined for each experiment by inserting the air
exchange rate, a, obtained from Equation (5) into Equation (11). C(T) was
" determined from Equation (10).



For non-continuous particulate data (i.e., for fine carbon, sulfur, and
mass data), k was determined from our real-time particulate analyzer and

C(T) was determined from Equation (10).

RESULTS AND DISCUSSION

Initial experiments were conducted without using a mixing fan in order
to simulate the concentrations that could be expected in an ehclosed
residential kitchén. .Figufe'z shows the N02 concentrations when the gas
range oven was operated for ome hour at 180 °C (350 °F) at various air
exchange rates. At 0.25 ach no mechanical ventilation was used. A res-
tricting orifice attached to the range hood was used to- obtain air exchange
rates of 1.0 and 2.5 ach. The range hood was operatéd normally to obtain
an air‘exchange rate of 7.0 ach. Using the range hood in its normal mode

was very effective in preventing pollution build-up inside the chamber.

3

In determining volumetric emission rates (in cm kJ—l) by means of our
"model, ﬁe used NOX rather than compute individual emission raﬁes for‘NO and
NO, because the vqlumetric NOZ-to—NO ratio varies widely from experiment to
experiment and, in most cases, even within a single experiment. Volumetric
NO,=to-NO ratios varied from 0.4 to 2.0. Mass emission rates (in pg kJ-l)

for NOx were reported in terms of N.

All pollutant emission rates were calculated from data dbtained when
the chamber was operated without mechanical ventilation (i.e., when the air
exchange rate was between 0.24 and 0.42 ach).: Initial oven experiments
were conducted without the mixing fan. Equation (3) was used to calculate
the two pollutant source.strengths--dne resulting from the initial burn
cycle (t=0 to 11 min) and the other from the steady-state operation of the
oven (t=11 to 60 min). Figure 3 compares the NOx concentration measured at
the sampling probe location with that calculated from Equation (2). The
calculated concentration is slightly lower than the measured concentration
probably because the plume of emissions passed'the probe before fully mix-

ing within the chamber space.



Figure 4 shows the results of an experiment conductéd with a mixing fan
in operation. Under these conditions, the calculated and measured concen-

trations agreed very well both before and after the stove was turned off.

Table 2 compares the pollutant emission rates determined from oven
experiments with and without mixing. The resulté reported represent a
time-weighted average of emission rates measured during the initial burn
cycle and during steady-state operation. Using "modern" testing techniques
(Snedecor and Cochran,i1967) we determined- that for CO., NO, and SO,, the
two emission rates were statistically indiscernible at the 10% level
whereas the CO e;ni‘ssion rates were statiétically discernible at the 5%
level. Further investigation showed that Co concentration increase in the
chamber was discontinuous during the oven‘experiments when.the mixing fan
was on. The effect was related to improper positioning of the'fan, which
probably interrupted the oxygen supply to the flame. .The effect stfongly

influenced the CO levels, but was not observable in any of the other gase-

ous pollutant levels (see Fig.4).

Because the precision of our model was generally highest when the mix-

ing fan was properly used, the fan was operated during measurements of pol-

lutant emission rates from top burners. Precautions were taken to assure

that the fan did not interfere with burner operation.. (Visual inspection
of the CO data showed no discéntinuities,_thus»confirming that the fan was
not interfering with the combustion process.) Table .3 summarizes the emis-
sion rates for the top burners and oven, ekcluding the unrealistic CO oven

data obtained using the mixing fan improperly.

The major difference between pollutant emissions from top burners and
from the oven was that more fine particles were emitted from the top
burners than from the oven. This may reflect burner tuning conditions
rather than some inherent difference between the top burners and oven.
Figure 5 shows the measured and calculated mass concentrations of fine par-
ticles under 0.5 pm in diameter. Figure 6, shows the time-varying size

distribution of the particles emitted from the top burners. As evident,

the majority of particles emitted are below 0.5 pm in diameter; particles

in this size range are respirable, and have a high probability of penetrat-
ing the deep regions of the lung (Task Group on Lung Dynamics, 1966).

-10-
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The major component of the particles was carbon, and the amount of car-
bon emitted was consistent from one experiﬁent to another. Total particu-
late mass emissions, however, were nof consistent. vThis finding suggests
that there is a varigble; non~-carbon component of particulate mass emitted
rby'the top burners. Of this variable particulate component, sulfur, as‘
sulfate, accounted for less than 10%. Water vapor may be responsible for
this variable component although no correlation was found between the water
vapor density inside the chamber and the particulate emission rate from the

top burners.

Comparing our findings with those reported. by -othérs shows certain
discrepancies that are possibly attributable to differences the techniques
employedvand/or differences in appliance tuning. For CO emission, Himmel
and DeWerth (1974)'reported average valﬁes'of 24 pg ky~1 for top burners
~and 16 pg kIl for the oven under "well adjusted" conditions and average

1 for top burners and 65 ug kJ-1 for the oven under

values of 160 pg kJ™

"poorly adjusted" conditions. Cote et al. (1974) reported CO emissions
| between 66 and 220 pg kI~! for top burners and between 130 and 430 pg kgl
for the oven,'values that agree well with the data reported here (200vpg
kg1

DeWerth and Cote et al. report higher NOx emissions than we obtained from

for top burners and 226 pe k! for the oven). Both Himmel and

our calculations. Himmel and DeWerth reported an average value of 13 pe
_kJ-1 of NOx (as N) for both the top burners and oven under well adjusted

1 for the top burners and oven under poorly

conditions and 12 pg kJ™
adjusted conditions. While Cote et al. reported values between 15 and 20
pg k-1 of NO_ (as N) for the top burners and between 12 and 43 pg k! for
the oven. Our results averaged 6.2 and 9°°,P8 kJ-l for the oven and top-

burners, respectively.

One of the more interesting outgrowths of using an indoor air quality
model to determine'emiséion rates is that indoor pollutant ‘reactivities (k)
andvoutdbor_penetration factors (P) can also be determined. The reactivi-
ties and outdoor penetration factors of the four reactive pollutants meas-
ured are presented in Table 4. Values obtained indicate that pollutant

reactivity can be as important as air exchange rate in removing indoor pol-

-11-~-



lutants, especially when the air exchange rate is low.

CONCLUSIONS

Comparison of data derived from application of a mathematical model
with pollutant data measured in an experimental chamber indicate that such
a model can serve as a useful tool for calculating>emission rates from a
variety of pollution sources. The_uée of a mixing fan appears to enhance
the model’s validity especially when ohly one location is sampled but may
be undesirable in cases where the charécteristics of the pollution source
are disturbed by the fan-. The model can also be used to create a temporal
pollution profile'as well as determine important parameters guch as indoor

pollutant reactivity and outdoor pollutant penetration factors.

This work poiﬁts out the need to characterize the use patterns and tun-
ing characteristics of gas appliances‘currently in use. With application
of the ﬁodel described in this paper, and with knowledge of gas appliance
use patterns and operating conditions one could estimate indoor poilutant
concentrations due to unvented indoor gas appliance emissions as well as
evaluate the effect of reduced house infiltration or control strategies on
these concentrations. The use of a range hood appears to be an‘éffedtive

control strategy which should be investigated further.

Results reported here combined with‘thoée reported by other researchers
'~indicate that some pollutant emissions, especially CO, may be highly depen-
dent upon appliaﬁce tuning; this effect should.be further ‘investigated.
The observed'N02-to-N0'ratios observed in this study were highly variably,
which indicates a need to investigate NO and NO, reactions in . indoor

environments.
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Table 1.

Indoor air quality measurement
techniques/instrumentation

Pa:ameter Technique/Instrumentation
Gases
802 " UV fluorescence
NO, NOZ' NOx Chemiluminescence
>O3 UV absorption .
co Nondispersive infrared absorption
CO2 Nondispersive infrared.absorption
0, Magnetic susceptibility -
HCHO Modified pararosaniline method
Qﬂ.ksch_gg_a_l., l981)v

Aerosols

Number concentration and
size distribution

Fine particle collection

Laboratory aerosol analysis..

Mass
Sulfur

~ Carbon

Miscellaneous

Temperature .
Dewpoint

Natural gas consumption

Electrical mobility analysis
(Whitby, 1976)

Virtual impaction (Loo et al., 1976)/
Tandem filtration (Parker 55_35., 1977)

Gfavimetric analysis

X-ray fluorescence (Giauque et al., 1973)

' Combustion/gas chromatography

(Mueller et al., 1970)

Thermistor probe
Lithium chloride probe

Dry test meter
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Table 4. Summary of pollutant reactivities, k, and outdoor penetration factors, P

k'l P(unitless)
Standard , Standard

Pollutants Mean Deviation # Runs Mean Deviation -# Runs
NOx 0.15 0.06 11 1.0 <0.1 | >10
502 0.23 0.15 12 1.0 <0.1 >10
HCHO 0.40 0.24 5 1.0 <0.1 >10
Particles 0.48 0.21 5 0.4 0.1 2

(<0.5um)
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Figure 2. NO, concentrations in a 27-m~ environmental chamber
at“various air exchange rates, reported as air changes

per hour (ach).
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Figure 3. Calculated and measured NO_ ‘concentration: profiles
without chamber mixing. X
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with chamber mixing.
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Figure 6. Time-dependent size distribution of particles emitted
by the range top burners. Measurements assume spherigal
particle shape and a particulate density of 2.0 g cm ~.
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