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ABSTRACT
This report describes the reseérch conducted under a National Bureau
of Standards grant entitled "Investigation of the Properties of the Combustion
Products Generated by Building Fires," Eleven polyvinyl chloride and seven

polypropylene samples of different compésitions have been burned under non-

flaming conditions and measurements made of smoke particle size distributions,

v total smoke particulate mass generated, smoke mean particle diameter, smoke
optical density and sample weight loss. Measurements have also been taken
for the polypropylene samples burned in a heéted ventilation ga#. Results
show that the characteristics of the smoke particulates and sample weight
loss behavior are affected by the presence or abgence of different chemical
additives for both PVC and polypropylene, Also, the burning and smoke charac-
teristics of the polypropylene samples are influenced by the ventilation gas
temperature,
| In addition to the physical properties measurements, the chemical analysis
of smoké particulates has also been carried out. Specifically, ;'general scheme -
for the analyéis of particulates collected from burning PVC samples under non-
flaming conditions has been developed, which has provided good separation of |
fhe complex mixture and has enabled many compounds to be ideﬁtified by high
" pressure liquid chromatography ;nd gas chromatography/mass spectroﬁetry tech-
'hiques. Many compounds which were only partly resol?ed previdusly have now
‘been more fully resolved. |
| "Modifications to the in situ smoke optical analysis system which will

~ allow the accurate measurement of the smoke volume concentration and the

complex index of refraction are also reported, Furthermore, a review of pro-
gress toward the cataloging in a separate volume of previously obtained smoke

physical properties data is included in this report,
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Finally, a description is provided of a theoretical model which describes
the smoldering decomposition of a charring polymeric material subjected to,'.
an incident radiant heat flux, The model has been developed for the purposes
of predicting smoke particulate formation by inclusion of candidate smoke

‘formation mechanisms.
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I, INTRODUCTION

‘)“ihis report describes the efforts coﬁducted under National Bureau of
scandards Grant No. G7-9001 during the period October 1, 1976 to September
30, 1977, The'subject grant is entitled "Investigation of the Properties
of the Combustion Products Generated by Building Fires." The objectives of
this brogram hgve been: (1) continued development and ﬁtilization»of facil-
jties and experimental techniques required for the determination of particle
size distributions and particulate mass concenérations, the chemical proper-
ties of smoke particulate products, and the optical properties of smoke pro-
duced by burhing various building materials; (2) determination of the de-

pendence of the properties of smoke generated by the combustion of various

mate}ials on the temperature and composition of the chamber atmosphere, the
type of burning, the radiant heat flux to the sample in non-flaming combus=-
tion, the orientation of the sample, and the amount of ventilation; (3) de-
termination of the dependence of smoke and gaée&us pro&ucts generated by
burning synﬁhetic.polymers on the fype and amouhﬁ of chemical additives
found in those polymers; and (4) utilization of small-scaie'test data with
related theo¥etica1 models to predict the smoking propertiés of various
materials, |

To pursue the objectives outlined above, the efforts of this research
project have been divided into four major categories or tasks. Task 1 is
concerned with the continued improvement of and modifications to the experi-
mental capabilities of the fire research facility; Task 2 deals with the actual
determination of tﬁe detailed characteristics of the products generated during

the combustion of materials in a ventilated, small-scale Combustion Products




Test Chambe; under carefully controlledjgs;dﬁqioné;“iésk 3 is concerned
with the theoretical modeling of smoke #fdduccion from burning materials;
and Task 4 déals with cataloging the measured physical properties data in
a form tha; Qill make it useful for smoke detector designers and toxicolo-
gists. This pprogram has been directed by Drs. Ben T, Zinn and Robert A.
Cassanova in the School of Aerospace Engineering of the Georgia Institute
of Technology. Other contributing pfofessional personnel include Drs, C. P.
ﬁanks;on, R. F. Browner; E. A. Powell and J, U. Rhee, Also assisting was

Mr. K. Kailasanath, Graduate Research Assistant.




. CPTC. Information obtained by the Aerosol Sampling System includes

II. EXPERIMENTAL FACILITIES

A. Previouslx Developed Expgrimental Facilities

‘The smoke research program described herein has been conducted utilizing .

the follow1ng facilities which have been developed at the School .of Aerospace -
Engineering, Georgia Institute of’ Technology. (l) A Combustion Products Test

Chamber, (2) A Combustion Products SamplingnSystem; (3) An In Situ Optical

Aerosol Measurement System; and (4) A Chemical Analysis Laboratory. |

simulating a wide variety of enVLronmental eondiﬂrons that may be encountered
in actual" fire situations, Specifically, the design of the CPTC permits easy .

control and measurement of the following variables during the combustion of o

small samples of materials: (1) The mode of combustionﬂ(i e,, .flaming vs,
smoldering combustion); (2) The sample. radiant heating rate (up to 10 watts/cm ),

3) The sample weight loss during the test; (4) The composition of the venti-" -

smoke samples that are continuously w1thdra ; from the gases flowing from tne;-,gw |

“afticlei

size distributions and total particulate mass generated. Some of the'collected

smoke samples are also retained for chemical an"

'is. A description of the

sampling system c¢an also be found in References l and 2

In addition to the. data obtained by sampling techniques, an In Situ Optical

Aerosol Measurement System is utilized to make simultaneous mean particle size

,,..

and concentration measurements. With this optical smoke analysis system measure=




ments of scattered blue lightjat'formard‘angles of 5° and 15° and measurements
of transmitted red and blue laser lights provide time resolved data describing
the average size, volume concentration of the smoke particles, their index of
refraction, and their optical density. Details of the optieal system are avail-
able in References 2 and 3.

An on-line data acquisition system utilizing a Hewlett-Packard 2100 mini-
computer is being used for acquiring, reducing and plotting all of the optical
andxsampling data with the exception of Anderson Sampler (cascade impactor)l A
data which calls for the weighing of the samples collected on the various im-
paction plates, | |

Finally, a chemical laboratory containing analytical equipment for the
determination of the chemical composition of smoke particulates sampled during

'tests~in the CPTIC has been developed. The available equipment includes a high
‘pressure liquid chromatograph, an infrared spectrophotometer, a gas chromato~
'grapb equipped with a thermal conductivity detector and a gas chromatograph
which is equipped with dual flame ionization detectors and is-interfaced to a
mass spectrometer. The gas chromatograph/mass spectrometer ‘system is also
‘_eduipped with a computerized data acquisition and analysis system that records

the'total-ionvchromatograms and the mass spectra,

B, Further Development of the Optical System

.'The in situ optical system has been modified in order to obtain reliable
' refractive indcx and volume concentration measurements. These modifications
are ‘necessary because the smoke particles appear to absorb as well as-scatter
light, especially during flaming combustion when sooty particulates are ob~-
tained, In order to determine the imaginary part of the complex refractive
;index (i.e., the absorption index), additional scattered light measurements

are made at an angle of 90° to -the polarizcd incident light beam (He=Ne
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laser, A =,633 ym). Thus, two additional detectors have been 1ncorp6raced
into the preéent system (see Figure 1), These detectors measure the 90° -
scattering intensities parallel to (Ill ) and perpendicular to (I, ) the piane
of polarization of the incident light beam. The ratio of I“/I_L will be used
along with the mean particle size D32 (from the forward scattering me;sure-
ments) ahd the ratio of optical densities at the two laser wavelengths (xls )
»458 pym and Az = ,633 ym) to obtain the complex refractive index, m, of the
smoke particles,

Work on the optical system modifications has been divided into the follow-
ing two taéks: (1) design, acquisition of materials, fabricétion and installa-
tioﬁ of thé 90°-scat£ering system, and (2) development of data reduction pro-

cedures for determining the complex refractive index from theﬂmeaéured 90° -

scatterlng intensities and optical densities,

In the first task, design of the 90%-scattering detectors and acquisition

of the needed optical components (lenses, filters, etc.) and photodiodes has

’been accomplished. The detector design is shown on Figure 2 and it consists

of an achromatic focusing lens, a 600 um pinhole'apérture, a collimating lems,
a laser-line interference filter centered at ,633 ym wavelength, and a photo-‘
didée detector (United Detector PIN 6DP), Because of lack of space within thé
sampling section and the high temperature of the heated ventilation gases, the

909-scattering detectors are mounted outside the sampling section. The 90° -

.s¢attered light is viewed thfough two optical windows located on tﬁe sides of

‘the sampling section; the optical axes of these windows and the detectors are

at 45° angles to the axis of the sampling section (and smoke'plume) and they in-

tersect the incident light beam at the center of the smoke plume (see Figﬁre 3).

‘The He-Ne laser is provided with a half-wave plate to rotate the initially verti-

cal polarization plane to the reguiredlaso angié. With this system,.90°-scattefed
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light is detected over a cylindrical scattering valume about 1 mm in diameter
and about 1l cmin length. Fabrication and assembly of the detectors, ‘modifica-

tion of the sampling section (to provide the necessary optical windows), and

{nstallation of the complete 90°-scattering system has also been completed,

in the second task, the dependence of the ratio Iy /1; upon the smoke par=-

ticle characteristics was investigated. The Mie scattering intensities for: -
) single particles were integrated over an assumed Upper Limit Distribution
Function (ULDF) to obtain calculated values of I and.I 1 « As in the case
of the forward scattering intensities and the ratio of optieal densities at
two wavelengths, moderate variations in the ULDF parameters a and § had little
effect on the calculated ratios Iﬂ /1 L Thus the remaining calculations were
‘performed for the "standard" distribution function given' by a = 1,13 and 6=1.26.
“m:e dependence of Iy /IJ_,upot\ absorption index, k, for m = 1.5 - ik is shown in
Figdre 4 fot mean particle diameters (D32) typieal of smoke, Similar curves
were also obtained for m = 1,4 ~ ik and m = 1‘.6 - ik (see Figure 5). These
resdlts show that measurements of I, /1, can be used to determine the absorp-
tion index, k, of typical smokes for absorption indices up to about 0 4.
To use the \above technique to determine k, the real part (n) of the re-
| bfr'aetive index must also be known. This was preﬁiously determined from the _
ratio of optical densities at two wavelengths by assuming that the smoke par-

ticles are nonabsorbing (k =0)., Mie theory calculations of extinction effiei-f.i_

o AT T IR K O @ o et

encies for absorbing particles indicate that the ratio of optical densities
at two wavelengths depends upon k as well as n (see Figure 6). Thus both 90 - -
' - s'cattering data Iy /1; ) and optical density data must be considered toget’her.v
, with the previously measdrcd value of Dy, (the forward scattering techhique is.i :
i_nsensitive to refractive index) in order to detemiae the complex refractive .
index, m = n-ik. The present computer program has been modified to perform

‘ these additional calculations.
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ULDF Parameters: a = 1,13, § = 1,26
g= 90°
x = 00633 pﬂ"{'-“
m=1,5-ik
Iy
I,
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1.0
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0.6
0.4
0.2
0L ‘ 2 : | —— 1 3
o 0.2 0.6 0.6 0.8 1.0

Absorption »Index', B

Figufe 4 , pependence of I, /I.L Upon Absorption Index.
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Figure 5. Effect of Refractive Index Upon I, /I, .
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III, TEST PROTOCOL

A, Sample Compositions

Tests have been conducted to determine the physical properties of the
smoke produced during the burning of polyvinylchloride (PVC) and polypropy=-
lene samples'specifically prepared for testing in this program. The chemical
compositions of the PVC and polypropylene samples are listed in Tables 1 and

11 respectively., Testing with samples of known compositions provides the

possibiiity of relating the measured physical and chemical characteristics

of the smoke particulates to the presence of a particular additive in the

test sample,

B, Test Conditions and Physical Properties Measured

Each of éhe PVC and polypropylene formulations listed in Tables I and II
was tested under nonflaming conditions at a radiant heating rate of SW/cm?.
All sampleé.ﬁere mounted horizontallz and the CPIC ventilation gas was
composed of room temperature air flowing at 425 liters per minute in all
tests, In addition, the polypropylene samples (Table 1I) were tested in a
ventilation gas at 100°C; all other CPIC condit;ons reﬁaining the same, Finally,
the sample dimensibns are 75 mm x 75 mm (exposed‘surface) X 3,2 mm thick;
corresponding to sample weights of approximately 25-30 grams for the PVC
samples and 15-20 grams for the polypropylene samples. |

For the test conditions characterized by room temperature (25 C) venti-

lation gases, data are available for the following measured quantities: (1)

particle size distribution; (2) particulate mass generacéd; (3) the evolution

of the mean‘particlé diameter with time; (4) the variation of the smoke optical

density (at 458 nm) with time, and (5) the sample mass loss as a function of
time, Where test conditions are characterized by high temperature ventilation

gases, only in situ optical system data (items 3 and 4 above) are available,
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|
|
| _ ' TABLE II
POLY PROPYLENE - SAMPLES
- Sample Number
COMPONENT ' 1 2 3 4 5 6 7
. A 100 67  67. 60 66
B . 22 5N 22 22
c - 11 13 1
D 27
E T
P 1
¢ | 100
H ' 100
i Material Chemical Description . Suppher
: f A - Dypto 8621 PP resin Medium melt flow, general Arco C'neuucal Company
f E purpose polypropylene resin-‘_ R
! § B - Chlorowax 708 : Chlorinated -paraffin':'" o Diamond - Shamrock
; ‘; . . . . L""*". . . .
‘ i ¢ = Thermoguard S 711 Modified antimony oxxée M & T Chemicals Company
‘i : - v ’ (70% sb 03) N
D - Dechlorane plus 515 Chlorinated cycloaliphatic Hooker "éhéqligal._Company
E - Antimony oxide (KR) Pure antimony oxid_e»_» Harshaw Chemical Company
: . . (Sb 0 ) ) ‘ AT
. 273 * L
‘ K K ~ . ;::.'_ §
: P~ CPE xo0 2243-51 Chlorinated polyethylene Dow Chemical Company
: (467 chlorine) .
G - Flamolin FR14228 Not available : USI, Division of National
Distillers and Chemical
Corporat:ion L
H - Plaskon FR 1080 Not availabl’e_‘ 'Allied Chemical Company




A

{n addition to the sample weight loss measurements, The aerosol sampling

system instrumentation cannot be operated at elevated temperatures,

16
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IV. RESULTS OF NONFLAMING TESTS OF PVC SAMPLES WITH DIFFERENT ADDITIVES -

PHYSICAL PROPERTIES DATA

2

A, Low Temperature Tests at 5W/cm
| Tesfs of the eleven PVC samples (Table I) upder nonflaming conditiops in
a room temperature (25°C) ventilation gas (air) have been completed, Measure-
ments have been obtained of the characteristics of the smoke produced under
nonflaming conditions at SW/cm2 radiant flux, The results of these tests are
presented in Figures 7 through 15, Sample numbers indicated in these figures
correspond to the compositions listed in Table I.

‘Figures 7 and 8 show the weight loss of seven PVC samples, In general,
the samples which contained tﬁe loweét percentage of PVC fesin and highest
percentage of fillers produced the lowest weightlloss rate during the test
;na'ieft the greatest percentége of the original weight as a char,

The distributions of particle sizes as measured by the cascadé impactor
fof the different PVC samples are shown in Figures 9 and 10. These plots also
give an indication of thé quantitative differences in the total particulate
wéight produced by the samples, All samples produced particles in sizes up t&
abouﬁ 5 microns with a maximum in the distribution occurring between 0.9 and
2,0 microns, However, the samples which contained large amouqts of CaCO3 and
'A1203e3H20 produced considerablf lower quantities of particulates than the
other PVC sampleé. This trend agrees with the results of Breden and Meistefs4
wnoobserveda noticeable reduction in specific.optical density when CaCO3 and
‘Ai 0 -3H2b were added to polyester systems, Furthermore, the present data

273
show that the addition of MoO3 to the PVC's with fillers resulted in the

lowest ﬁroduction of particulates, The addition of Sb203 to the plasticized

WC (Samples 6,7,9 and 10) did not produce a significant change in the quantity
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- Figure 9. Effect of PVC Additives on Smoke Particle.
Character}stics in Nonflaming Combustion
at 5 W/cem™, ,
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Figure 10, Effect of PVC Additives on Smoke Particle Character-
istics in Nonflaming Combustion at 5 W/cm®,
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or the size distribution of the particﬁlates, when compared to the equivalent
.;mples which do not contain Sb203.
The time variations of the average smoke particle size during tests of
5i; éf the PVC samples are shown in Figures 11, 12 and 13, These data show
that the compositions which have a sizable fraction of additives (2,5,6,8
and 10) tend to produce peak mean particle sizes between 1.4 and 1.6 micro-
meters earlier in the test (t=1-4 minutes), followed by a.general decline
in mean particle sizes for the remainder of the test. The samples containing.
the fillers ,CaCO3 and A1203- 3H20 (nqs. 5 ar;d6) shéw a more steady, rapid
drop in particle sizes than samples 2, 8 and 10, which do not contain fillers.
The latter compositions (2, 8 and 10) are characterized by a relatively stabie
Ee;iqd of particléAdiameters near 1.0 micrometers midway through the ﬁest
folléwed by a steady decrease late in the teét. In the case of the composition
uhichicontains only a stabilizer (No. 1), the particle sizes gradually increasg
dutiﬂg the first 8 minutes of the test, fluctuate near 1.0 micrometer mid&ay
through the test, and then gradually decrease for the remainder of the test,
Figures 14 and 15 provide smoke optical density data for the above-men-
;ioned mix PVC compositions, Samples.Z and 10 produced the highest peakboﬁtical
density ;evels; these samples were also chafacterized by relatively high par- 
. iiéulate masé concentrations (Figures 9 and 10), Sample 8,.which produced some-
what less total particulate mass than samples 2 and»lo, had a lower peak opti-
cal density but produced considerable optical densities.for a ionger time period
than most other samples, Finally, the purest PVC saﬁple tested (No, 1) exhibit;d
#‘different optical density behavior than the other samples, Qhere the pe;k

)

in optical density for sample 1 occurred relatively late in the test.
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3, Summat
_ 1n the low temperature nonflaming tests of dif,fereni: PVC compositidns at

y/cmz radiant flux, sample weight loss measurements show that the samples

Jich are characterized By the lowest percentage of PVC resin and the highest

percentage of fillers produced the lowest: sample weight loss rate _duriﬁg

tests and left the greatest percentage of the original sample weight as

char. Cascade impactor data show that the samples which contain large amounts

of the fillers CaCO3 and A1203- 3H20 producied considerably lower quantities

of particulates than the other PVC's and that the addition of MoO, to the

same samples containing.fillérs results in the lowest production of particu-

lat.esv. Particle size disttibution peaks (also taken from cascade impactor

data) for all of the PVC samples tested are near 1.0 micfometer in diameter,
" The time resolved mean particle diameter pl.ots show that the particle

size trends during a test are influenced by w‘nether_ or not the sample contains

'y large quantity of filler. In addition, smoke optical density data show.

that two samples wﬁich génerated a relatively high total particulate mass,

also produced ‘the highest peak optical _densities. In both the mean particle

8ize and the optical density data, thé'treﬁds observed for the siﬁaplest -PVC

iampl'e (containing only a stabilizer) were different from the trends observed -

. for all other samples.,
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¢ RESULTS OF NONFLAMING TESTS OF POLYPROPYLENE SAMPLES WITH DIFFERENT
y, B e—————

ADDLTIVES = PHYSICAL PROPERTIES DATA

Ao ow Temperature Tests at Swl/cm2

Tests of the seven pblypropylene samples (Table II) under nonflaming
conditions in a room temperature (25°C) ventilation gas (air) have beenvcom-
pleteds Measu;ements have been obtained of the characteristics of the smoke
produced under nonflaming conditions at Swlcm2 radiant flux, The results of
these tests are presented in Figures 16 thréugh 22, Samplé numbers indicated
{n these figurés correspond to the compositions listed in Table 11. Note
slso that samples 6 and 7 are commercially available samples for which the
exact compositions are not knowm.

Figure 16 shows the sample weight loss data for the three polypropylene
suﬁples for which accurate forcé transducer measurements could be obtained.
The tendency of polypropylene samples 1, 2, 3 and 4 to tapi@ly liquefy wupon
he@ting presented problems with the horizontal ﬁount as presently designed |
and data was reduced for only the three samples shown. These measurements
show that sample 7 had a lowér weight ldss rate than samples 5 and 6, where
sample 7 was the only polypropylene sample which formed a char. Note also

that sample 7 left the greatest fraction of the initial sample weighc at the

}end of the test. Finally, it should be pointed out that in the test plotted

for sample 6, flaming ignition was observed approximately 6% minutes into the
test, Sample 4 also ignited once in three tests of that material, however no

veight loss data could be obtained in any of the room temperature tests of

composition 4. Samples 4 and 6 were the only samples which exhibited self-

fgnition during ;hese nonflaming tésts.
Particle size distribution data for nonflaming polypropylehefﬁmoke par-

ticulates are presented in Figures 17 and 18. These data show that samples
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1, 2, 3 and 5 ﬁroduced larger particles than the remaininé samples, where
particle size distributidn.peaks for those four samples fall between 2
aﬁd 4 ﬁ;crometers {n diameter. Those samples which produced the largest
Pafticies include the pure resin (No. 1) and the three compositions (2, 3
anﬂ 5) which contain the chlorinated paraffin fire retardant. The only
sample which.tends to form a char (No. 7); generated the greatest fraction
of 3E§llvparti£1es that are below 1 micrometer in diameter, The peaks of
;hc particle size distributions for the remaining samples 4 and 6 fall be-
tweenbthe peaks qf the distributions for samples 1; 2, 3 and 5, and sample
7, Note that the data plotted for sample 4 was taken from a test where no
{gnition was obseryed and the data for sample 6 taken during the period in
that test prior to flaming ignition.

iﬁ terms éf the total particulate mass generated, the lowest particulate
masses per gram of initial sample weight were produced by the samples con-
taining the chlorinated paraffin and by the char forming sample 7, Samplés‘
3 aﬁd75 generated the lowest particulate masses measured for the tests, with
samples 2 and 7 producing somewhat greater amounis. The’greatesé total par-
ticulate masses generated were those measured for samples 1 and 4. Sample 6

cannot be cdmpared“on an equal basis since nonflaming conditions were not

‘maintained during the entire period of the test of that composition.

An indication of the time variation of the average smoke particle sizes

“during nonflaming tests of the polypropylene is given in Figures 19 and 20,

Note‘that the examples shown for samples & and 6 are cases where - flaming ig-

. nition was observed during these tests, The data show that peak particle sizes

of 1.5 é 1.6 micrometers in the nonflaming mode were reached by samples 1, 2,
3, Ajghd 5. In addition, sample 7 shows the smallest overall mean particle

sizes when compared to all other polypropylene samples, Moreover, these results-
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are seen to be consistent with the cascade impactor data of Figures 17 and 18,
 Any variation in the particle concentration and size distribution will

also cause noticeable changes in the smoke optical density, Comparisons of

such data for polypropylenes are presented in Figures 21 and 22, Peak optical

densities are generally observed to be between 2/m. and 3/m. in the nonflaming

mode, with the notable exception of sample 7, The ﬁighest opticel density peaks

were recorded for samples 4 and 6 after flaming ggition was observed in those

tests. The fact that sample 7 produced the greatest overall optical density
levels for nonflaming conditions may be due to the smaller particle sizes
measured for that composition; where the optical density is roughly inversely
proportional to the particle diameter for the range of particle sizes observed

in these tests,

B. High Temperature Tests at Swlcm2

Tests of the seven polypropylene samples (Table II) in a heated (100 C)
ventilation gas(air) have been completed, Measurements have been obtained of
the characteristics of the smoke preduced under initially nonflaming condi-
tions at SW/cm2 radiant flux., The results of these.tests are presented in
Figufes 23 thrbugh 37. However, an importent consequence of the high tempera-
ture test conditions just described is the fact that flaming ignition was ob-

eserved during tests of all sample compositions. Thus, the test data presented
vin-th1s section are characterized by a nonflaming-to -flaming transition in
all plots., As mentioned preyiously, this series of tests has been limited to
Ain/éitu optical system and force transducer measurements, since.the aerosol
sampling system instrumentation cannot be operated at elevated temperatuies.

Figure 23 summarizes the weight loss data obtained -for four polypropylene

esemples burned in the 100°C ventilation gas. These curves‘show a rapid falleqff

in sample weight beginning from three to five minutes into the test with a
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leveling off by eight minutes into the test, The'periods“characterizgd‘by
the greatest sample weight loss rates generally coincide with flaming ig-
nition of the smoldering sgmples. Also, the weight loss rates observed in
‘fhe heaéed ventilation gas are observed to be greater than the correspond-
ing weight loss rates in room temperature tests,

Comparisons of smoke mean particle diameter behavior of two ventilation
gas temperatures are presented for each polypropylene composition in Figures
24 through 30. These data show that particle sizes tend to be smaller in both
nonflaming and flaming regimés at 100°C than the corresponding particle sizes
measuréd in the tests in room témperature air., Composition 7 is an exception

-ﬁo this conclusion, whére'particle sizes after flaming transition are generally
gre#ter than the'diameters measured under strictly nonflaming conditions at
room temperature. As a result of the flaming transition observed for all seven
compositions at 100°C the mean particle size decreased for samples 1, 2, 3
and 5 and increased for samples 4, 6 and 7. After ignition a s;able period
between 1.1vand 1,2 micrometers is oBserved for all sgﬁples.,

Optical density behavior during high temperature tests are presented in

Figures 31 through 37. In general, the opticalldenéities are less in the non-
‘flaming mode (prior to flaming ignitibn) at‘IOOOC, and then peak rapidly after
. igﬂition at levels which are greater‘than those peak levels measured at room
temperature, Composition 6 is observed to be an exception to these trends,
whére the optical density peaks are nedrly'the same at both environmental
'temperatures. Note that the'data plotted for samples 4 and 6 in the room tem-
pérature case are from tests that resulted in flaming ignition. Finally, the

'highest peak optical density measured #t ldOOC was recorded for composition

- 4 with a value in blue light near 7/m.
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OPTICAL DENSITY PER METER (BLUE)

[ |

Po|5Pro Pslene; %4

|l.. . _ Noﬁflaminj JW/cmz
[]

25°C

51°

TIME, MINUTES

* Figure 34, Effect of Ventilation Gas Temperature Upon
Smoke Optical Density for a Polyp:opylene
Sample in (Initially) Nonflaming Combustion
at 5 W/cmZ, K
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C. Summary

In tests of seven polypropylene s;mples that were combusted (without an
external ignition source) in room temperature ventilation gases, differences
are observed in smoke properties among the different compositions, Sample
weight loss data show that for the measurements which were obtained, the
composition which tends to form a char exhibits the lowest weight loss rates
and leaves the greatest fraction of sample weight at the end of the test,
Also2 two of the samples sustained spontaneous flaming ignition in the room
temperature tests. Comparisons of particle size data for nonflaming condi-
tiops only, show thaﬁ the pure resin and the compositions ;ontaining the
chiorinafed paraffin produced the greatest fraction of larger particle sizes.
The char forming sample generated the greatest fraction of smaller particle
ﬂSizese Total particulate mass data show éhat under nonflaming'conditions in
room temperature air the samples containing the chlorinated paraffin as a
fire retardant and the char forming sample produced the lowest particulate
masses per gram of initial sample wéight, Finally, time resolved optical meas-
urements in the room temperature tests show measured peak mean'particle di-
ameters to be between 1,5 and 1,6 micrometers for most samples in the non-
flaming mode énd that the char forming sample which produced the smallest
overall particle sizes generated che greatest oﬁerall'(nonflaming) optical

‘depsity leveis.

Tests of polypropylene samples in the 100°C ventilation gas (air) were
characterized by the sponténcous flaming ignition of all sa@ples early in
;the tests. As a result, sample weight loss rates were greater at 100°C than
in room temperature tests and the ﬁaximum weight loss rates coincide with
_the occurrence of flaming ignition. Pa;ticle size data show that mean pérticle

diameters were generally smaller (with one exception) in both nonflaming and




flaming regions at 100°C than the particle sizes measured in room tempera-“

ture tests., Also, the tendency of particle size to increase or decrease at
 the point of flaming ignition w&s dependent uﬁon‘the particular polypropy-
lene compositions. Finally, the highestvopticalvdensity peaks measured in

both room temperature and 100°C tests were observed shortly after flaming

ignition for all samples.
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vaVCATAIDGING OF SMOKE PHYSICAL PROPERTIES DATA

In 6rder to f;cilitate the use of smoke physical propefties data by
(egQarchers who are dealing with the toxicological aspects of smoke or the
gffects oprroperties such as particle size on the response of smoke detec-
tors, the National Bureau of Standards has requesteéed that data which haQe
peen previously obtained in this smoke research program be.catalogued in a
single document, These cataloging efforts were subsequently initiated during
the last quarter of the grant year,

"The quantities whiéh have been agreed upon (in consultation with NBS
bersonnel) for systematic cataloging are as follows:

(15 fraction of sample weight ;oss that becomes particulate matter;

(1) total particulate mass concentration;

{(iii) total particulate number concentration;

(iv) mass median diameter;

(v) geometric standard deviation;

(vi) maximum optical density per meter; and
(vii) volume-surface mean particle diameter (D32) at»maximum optical
density. .

In addition, cumulative probability pldts of the "fraction of particles
with diameter less than Dp "vérsus "log Dp" are‘being-cbmpiied. Thésé plots,v.
in addition to the above-listed physical properties, for data obtained‘
through October 1, 1977 will be submitted in a separate formal report to

NBS; which is to be complefed on or about January 1, 1978,
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vII. MODELING OF SMOKE PRODUCTION OF SOLID MATERIALS

Development of an analytical model capaBle of describing certain "smoking"
characteristlcs of different solid materials 1is underway. Specifically,:_,“

one-dimensional model describing the smoldering decomposxtxon with charring

of a slab of polymeric material of finite thickness has been considered. The
model is depicted in Figure 38, The face of the ‘"sample" is subjected to a
'known incident heat flux and both the solid and gas phase pro e; ies are de-

'scribed. Thus far, fundamental equations have been formulated to describe the

%
L
i
§
!

solid phase decomposition, the theoretical behavlor of the solxd-gas phase

and the transport of the volatile, condensable products of thermal degradation.
The sample material is described during the decompos1tion process by the

porosity, €; which is defined as the local volume fraction of material which

is occupied by the gas/vapor phase. Thus, the materlal sample will be charac-

ter1zed by regions which range from the primary solid decompositiondreaction

zone to a very porous char structure closest to the sample suﬁf

veloped governing equations with associated assumptions are“shown in Table III.

'In order to obtain solutions to the developed conservation equationA~
boundary conditions an iterative solution procedure based upon th .
bquasi-linearization'has been applied,vand a computer program which. utllizes an
imolicit finite differencing scheme has been wr;bten. The differenolng algorithm
is‘the "boxéscheme" method first utilized by l(eller5 and then by Kansa,é'and_;~

‘the lesulting coefficient matrix is solved by a block tri-diagonal 1nversion
;routine. The program is presently designed to calculate gas density, solid
pofosity, gas velocity and gas-solid temperature.‘Debugging of the program has
been completed and refinements in the computation schemes have been carried out.
AExamples of calculated time-resolved porosity, temperature, p;essure and velocity

profiles are given in Figures 39-42 for a model polymeric material decom~

-posing under the 1nfluencc of an incident heat flux,
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_Table III. Governing Equations and Assumptions

" Gas Phase Continuity
Gas =

rr&-a‘v‘— (59'“‘) . 2%

9)4‘ ot

Solid Decomposition

ey )exp[B ]
Cas Phase Momentum (includes Darcy's drag)

9(293"')

-su'

_ Energy

. \ .2:‘ Df(\*i)T] 2T
11‘1'\‘2'3()3 Wy +T —Sp— + ‘n‘geﬂ Y

. 374
0_9__% 3{(‘-i)ks DX.‘ } " Tr_ g(ﬁaxl )
2x' | ox!

-+ H'a-}'

Assumptions

1, One-dimensional analysis
2, Solid and gas phase are in thermal equilibrium

3, Solid decomposition represented by global Arrhenius rate equation

4, No gas phase chemxcal reactions

' Note: Primed (') quantities are dimensionless, where X, t, pg’ u and T have

been non-dimensionalized by L, T, Pg 2 u, and To .
: o
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Table III. Governing Equations (continued)

nergy Balance at Front Surface of Sample

-NG- ew)k <QT')f T, b T,
e, ) el -

13 '
! (Aw_. : ‘4- M
) - r; TU+ + )4~
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1, 05, Wa_ *Pﬂd z

Eacthl

+

a1
P
Wi

Energy Balance at Rear Surface of Sample
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B + 7 G,
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A L 5 Pﬁ»Lzz:pv
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T
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N
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Table III. Governing Equations (continued)

pefinitions (continued)

kT
r:= P?oLuf*a
G B
Pz" -ju:::'
| T4
netee§
‘3- (3.10 W,
R
T = [a, exp(-&)]
P
L P
- Es
E.= 'E"E
R T

T

P

O G
I:‘ = Fos w?
_ Kk
r; - qu Lu®
—‘; L\COﬂV
N
40
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Table IIIL. Governing Equations (continued)

Nomenclature

0o B >»aqQQo e(®
0O U

e e o0 T :rmm_d

¥o

0
8
g 11

rad

porosity

Darcy's constant

density

Stefan-Boltzmann constant
characteristic time
frequency factor

adsorptivity/emissivity
specific heat

activation energy
heat of reaction

- convective heat transfer coefficient

thermal conductivity
sample thickness
pressure

radiant heat flux

universal gas constant
temperature

gas velocity
characteristic velocity .

distance

Subscripts

1t +00 0o g

sample front surface

sample back surface

solid

gas

ambient (initial) condition

- solid phase side
- gas phase side
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1exities as'sgc’i.ated with such a modeling prbblem,

In view of the comp

sctusl smoke formation processes have not been included in the preliminary

,odelol Therefore, efforts in the forthcoming grant year will be directed

oward the addition of smoke formation processes. Specifically, there is

evidence to indicate that the smoke produced under nonflaming conditions

consists primarily of condensible liquid compounds, and the model will be

designed to investigate this hypothesis through the inclusion of two comn-

densation mechanisms: (1) condensation resulting from homogeneous nucleation

and (2) condensation resulting from -the presence of heterogeneous condensa-

tion nuclei, These processes will be included both within the interior region

of the sample and beyond the heated surface of the ssmple. 1t is anticipated

that the predictions resulting from the model w111 then determine the rela-

tive importance of the two mechanisms, in addition to the primary goal of

evaluating the validity of the smoke-formation-by-condensation hypothesis.

e g em g e




VIII. CHEMICAL ANALYSIS OF SMOKE PARTICULATES

Ihe chemical analysis efforts have focused on two primary objectives

(1) the analysis of compounds important because of their high toxicity and

(44) the analysis of compounds important in determining the mechanisms of

the smoke formation process. In the first category, compounds of prime in-

gerest are the low molecular weight compounds adsorbed onto the particulates

vhich are known to possess acute toxicity (such as HC1l, HCN and certain alde-

hydes). A sample collection and separation scheme has been developed which
{nvolves the thermal desorption of these compounds from the particulates in

¢ stream of dry helium, then collection and concentration of the compounds

with a packed trap. The volatile compounds are then thermally released for

69

analysis by GC retention time and GC/MS. Recently work has begun on a micro-

preparative GC scheme for the preseparation of low molecular weight compounds,

prior to identification by GC retention time and GC/MS. By this means, it is
hoped to achieve effective "clean-up" of the complex mixture of organic com-

pounds in the molecular weight range of approximately 44-120.

In the second category, the emphasis has been on obtaining thorough pre-

separation of the complex particulate material prior to the analytical step,

{n order to obtain reliable compound identification., Considerable progress
has been made in this direction in the analysis of the high molecular weight

compounds found in the particulates. However, the very complex nature of the

organic mixture and the very similar nature of many of the compounds, such as

the presence of mixtures of isomers or of the members of homologous series,

has made separation and identification of the studied particulates a diffi-

cult taske.
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A, PVC Smoke Particulates

A general scheme for the analysis of barticulates collected from burning
* PVC samples under ﬁonflaming condiﬁiéns»has beeh developed, which has pro-
vided good separatlon of the compon;nts of the complex mixture and has en-_;v“‘ 
abled many compounds to be 1dent1fied by GC/MS. The efficiency of the systém -
is a very great improvement on what has been achieved previously, and»many |
compounds which were only partly fesolved before have now been more fully
resolved " |

Essentially the scheme involves the dissolutlon of soluble components
| of the particulates in Cﬂzclz, filtering and removal of acidic components
from the clear filtrate by washing with dilute aqueous NaOH, Following drying
with MgSO4, And evaporation of the solvent under NZ’ the sample is injected
into a high pressure liquid chromatographic éfstem for preliminary separation.
A reversed phase is used'for the separation (i Bondapak C18)(see Figure 43)
which produégs pargial resolution of the mixture, The effluents from the col-
ﬁmn are collected as six fractions, using as solvents methanol/ﬂzo (75:25)
fo: the first five cuts and pure methanol for the final. cut. Repetitive sep=-
araﬁion and collection is carried out until sufficient quantities of each_
collected fraction are adequate for subsequent GC/MS analysis} The gas chromat-
ographic separation of the first four of these frac;ions_(Figures 45-48) shows‘
: greétly‘enhanced separation and very greatly reducedvbackgrbund signal com-.
pared to the mixture prior to HPLC. separation (Figure 44). Fraétioﬁs 5 and 6
'contain high ﬁélecular weight polymeric material which is not readily resolv-
-éble by gas chromatography, and which is better examined:by infra-red and
ulffadviolet absorption studies.

An optimum gas chromatographic packed column configuration has been de;

veloped (Ultrabond 100/120 mesh packing on a 3m length, 2mm i.d.glass column)
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for the pre-mass-spectral separation. This column provide; good reliable
pcrformance for the separation prior to MS iden;ification. However, capil-
lary column separation, which will be attempted in future work, may improve
the separation even further. Partial identification of the column effluents
has been achieved by mass spectral comparison with reference data files;

put further confirmatory work has to be carried out using UV and IR absorp-
tion techniques and GC retention times in comparisom with authentic reference
materials before unequivocal assignments can ﬁe made,

In the process of MS identification, use has been made of single ion
chromatograms (monitoring M+ions, base peaks and some important fragmented
ioné in the mass spectra). The total and single ion chromatograms shown in
Figures 49-63 repfgsent the chromatograms of collected fractions separated
bynHPLC (see Figure 43). Figures 49-51 represent cut # 1, Figufes 52-54 rep- .
résent cut # 2, Figures 55-59 represemt cut # 3 and Figures 60-63 répresent
cut # 4. The deterioration in gas chromatographic resolution as the later
HPLC cuts are examined is clear. The final cuts (Nos. 5 and 6) give very
1ittle useful information, and are not shown here., The single ion chromato-
grams of three of the PVC samples (FRN, Nos. 5029, 5010, 5011,5025 and 5026
(Figureé 49-59) show the complex isomeric nature of many of the compound
peaks. M+/e§142 @nethylnaphthaienes), 156 (dimetﬁylnapﬁthalehes and/or ethyl
héphthalenes), 166 (fluorene), and 178 (phenanthrene and anthracene) are ob-
servable, With PVC sample fRN No. 5011, phenanthrene and anthracene were
partly resolved (see Figure.53). Phthalates (at M+/e 149) appear in all chro-
matograms; however, identificaﬁion by mass spectrometry alone wili probably
not be adequate to identify phthaiates because of the similarity of the mass
spectra of such homologous series. Note also that PVC sample # &

(Figures 60-63) shows an even more complex pattern of compounds than the first”*i
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three cutse.

By Summar

To summarize the chemical analysis data, it has been possible to achieve
- yery good separation of PVC particulates by HPLC and GC and also to identify
many of the ‘compounds by GC/MS. While further confirmatory work is mecessary
by IR and UV .analysis and by comparison of data with that from reference

'materialé, a good working scheme has been developed for the higher molecular

weight components of the particulates.
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