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o STUDY OF FLAME INHIBITION : :
-YAPOR RELEASE BY MICROENCARSULATED FIPE o
‘ RETARDANT COMPOUNDQ

Ev 8. K. NesTey Copﬁ]and Guenther van E]be,_

E.. T. McHale, and Clayton Huggett
At1ant1c Research Corporation

SUMHAPY

This proaran was undnrtaken to support the development by the %ASA

j-‘Anes xesearﬂh Center of Tire re515;ant structura1 mater1a1s based on. micro-

.encapsu:ated f1re ext1ngu1sh1ng agents 1ncorporatnd 1nto po]ymer1c matr1xe5.

o Spec1f1c tasks inciuded. the evaluation of a serIes of agents ‘““‘eff1c1ency

in flame extinguishment. and a study of agent release fron- m1crccapsu1es, A
survey of cnemvca] extinguishing agents and’ the mechanism of ext1ngu1shment
" has been pub115hed as a separate report {ref. 4).

A serles o. organoha?oghn extinguishing agents were eva]uated 1n the -
prapanefa1r d1ffLSlnn flamz in an opposed Jet burner. This menhod of evalua-
twon was selec'ed s*nce it perw1tted *ntroduct1ow of the eXttngu1sh1ng aﬂent"
from the fu e1 5|de of the diffucion f1ame, s1mu1at1ng <he mode of action of

the microcapsules 1n a fire situation. S1gn1f1cant differences in behavior
were observed when “the agent was 1nt“oduced from the fuel side and from the
air side of tie burner. Of the ugents studied, bramoform (CHBr3) showed the .

" pest eff1c1ency ond we1ght or volumetric basis. . Its propert1es appear. t0 be

compattb!e wnth the mtcrncapsule technxqua of app11ca tion.

?n1aL11e agen+s escape s1ow1y from the m1crocapsu1es under amblent
storage conditions by a permeat-on processv The rate of permeation depends
on the specific chemical atructu*e of agént‘and'Encapsulant._ Carbbn'tetra4=
bromide diffuses readily through the Cupsule wa!T while more volat11e mater1a‘s

= P Nt o]

SUCﬁ as CF 2LJL?L12 are Jost-very a]ﬁw.;~

- O rapid n&at1ng, as when exposed to a fire, the microcapsuies rupture ”y
due to intesnal pressure.  Capsuies will wi thstand internal pressures of the
prder of 100 to 200 psi. The sanples of microencapsulated agent examined
were quxte hetETOQEWEOJ; with respect to part1c1e size and wall th1ckness,
resu1t1ng 1n cons1derab1e scatter in agent release propert1es,



INTRODUCTION |

Recent research perfonﬁed‘at‘the AmeS'Résearch Center of the Natfon
Aeronautics and Space Adm1n1strat1on has led to s1gn1f1cant advances in the
':,sta+e-of-the-art of fire protect1on mater1als., PoTymervc foams and roat1ngsf
have been deve10ped whlch exhxblt extremeny favorable flame resistant, “fire
syppre:sant,.an‘ 1nsu‘at1ve propert1es for ‘use in aTrcraft structures and
~ other applications. In one system under studyf_fjre suppress1ng agents are

encapsulated. in polymeric microspheres and incorporated into:fire resistant

foams. - When such a mater1a1 is exposed © o the heat from a fire,-the:ageﬁt
is releaﬁed ext1nguwsh1ng the fire. » .

_Amon1 the advantages of such a system we may note: the fo]]ow1ﬂ§

{a) Conventsonai well character1zed and readily available =
polyrers may. be used w1th minimal effects on their prapert1es
‘due to the 1ncorporat1on of add‘txves in encapsu]ated
‘ form. ‘ . .
{b) The fire suppre551ng agert is r=]eas = 41vectly'1nto '
the fire zone where it can act with maximum effective-
ness. The quantity of agent re!eased.1n a fire is
kept to a m1n1mum,‘reduc1ng the asscc:ated hazards
of toxicity and corrosior. _ _
-(c) The agent is released aitomatically in the event of
a fire. Detechon and d1ssem1nqt1en systems are
unnecessary and the possibiTities of pirremature
actuation or failure to actuate are eliminated..
(d} The cheice of fire axtmgmshmg agents is uroadened ’
since limitations on physical preperties inherent
in conventisnal agewt_d1ssem1nat1on systems no longer
apply. a ' o

™~



| " -The present program was undertaken ‘to suppert the develépment and

' app!1cat1oq of mxcroencapsulated fire ext1ngu1sh1ng agents thr0ugh stud1es
of the relat1ve eff1c1enc1es of cand1date agents, the. re]ease of agent from
- ihe m1crocapsu1es when exposed’ to a heat source 3nd the mode of interacuion

af the agent with the flame, ' ' '

L

EVALUATIGN OF EXTINGUISHING AGE_N_'fS B

PTEV1DJS 1nvest1gatwons haVe demonstrated the fea51b 11ty of obta1n1ng
a mﬂasure of fEame strength in a d]ffus*on fTame by detenn1nng the cr1t1*a1
Flow ve10L1ty at which a flame between- opposwng'aegs of fuel and air is B o
‘-ext1ngL1shed at the stream center. @'ef 1 2, J} In the present werk this
method has been used to obtain a rating of the. reTatlve eff1c1ency of a
nwber of extangu1sh*nn agents by measurxng “the decrease ENY flame strength
on add1t1un of agent vauo“ 10 propane fuel.r_ ; '

. Th1s method of evaTuat1ng inhibitor, effic1ency was se1ected for the
"‘present study because. it perm1ts introduction of the agent from the fuel .
side of 'a diffusion flame. This s1mu1&tes the marner in which agent would
‘ be 1ntroduced into the combustion zone in.an actual fire involving 2 pu]ymer1c
“‘mater1al containing an encapsu.ated ext1ngd1sh1ng agent. The more comno1

4! ‘technique for evaluating ext_ngu1sh1ng agent efficiency makes use of thw
‘measurement af the reduction in.flame speed on add1t10n of agent w0 a pre-f-‘“
mixed - f‘ame. ‘This method does not provide 2 govd simulation of a fuel- a1r
uflre whrch is 1arge1y diffusion. controlled. Tt shau1d alsc be noted that
conventional fire ext1ngu1shment systesis introduce ‘the ext1ngu1sh1ng agent

- from ‘the air side of tre‘11re where ﬁniy 4 sma ‘pﬁrt‘ﬁf the total - gen+‘ ‘
charge may réach the combust1on zone. | ‘

aMethods of ‘determining 1rh1b1tor effect.vcneSS have been rev*ewed
1n a recent report prepared under th1s ccntract (Ref 4y,



Experiméﬁtel'Resu]tS

The fTame strength in the ﬂuposed Jet burner Nf is‘defined as:

4 _ eritical fuel flow in rueT-p.u;~agent stream . - . 0 f
f ~eritical fue] flow 1n agent—free fuel stream ) :

It w11? ‘be -shown in the fo]low1ng 5ect1on ‘that ”f, as defined above, is a
valid measure of the effect of the 1nr1b1.1ng agent on the fuel consuwpt1on
rate,. When N % is plotted vs: vulume fracfxun af agent in the fuel streafn . an
.approxima stra1ght line with a negat1»e s]ope is obta:red At h1gr concen~

tratwons -of agent the flame becnmes unstab]e, the line may show curvature,
“and eventxally the flame is extnnguTShea '

An additive WhTLh acts. pr1mar11y as an inert diluent will show a
sliope of = -1 since the total vo.umetr1c flow of (fuel + agent) rema1ns
almost unchahged by the additicn of the ogent we therefore take the quant1tyll

: "ﬁ,; -[1'+ ANf/A(VDTume_ffaetion'Eaeﬁt)] (2)
. as a ranlnng parameter for compamson af the effectwer.ess o: hemicai .
'extingursh1ng agents. This choice of’def ning a rank1ng parameter has the
advantage of emphasizing the chemical effect1veness of. 1nh1h1t1ng agents
while tending te exc?udﬂ the phys1ca1 c0mporent of the effect.

" Results of the agent eva]uat1on measurements are summar1zed in Table I
below. Complete data on all runs are given in. the AppendTX (Table Al}." Best
stralght Tines were drawn v1sua1}y “through the data points of Table Al and

Were used in the ca]culat1ons of slapes for determ1n1ng n-values, evern .though, .

" as noted. above, some curvature af the Tines usually bﬂcamegprnm1nent at the
n.gn additive levels. ’

The agents of Tatle I fa11 into three group the h1gh1y brom1nated

. compovnds which have relativeiy high values of n and are superior xnh?bltors,

- those agents. with values of n near un1ty which exb1b1t muderate chemical
'Inb1b1t1ng effectiveness; and these.compounds w1th n-values npear zero which
" act only as diluents. ' The scatter of the exﬁerimehta? data:ppints.sets the
“Timits of pretision of the ranking, and this scatter as judged from eomposite
plots of the resuits indicates that complete confidence can be put in the -~
groupirgs given above. The data for three selected agents, one from each -

4



‘group, are p1otted in f1gure AI to z]]ustrate this point. -However, the. data
are not prec1se enough to alxow one to re11ab1y d1st1ngu19h betwaen membars '

- of any one-group. For example w:1111 stat1s 1ca1 error,ot 3Br is prnbab1y not
- superior to_CCia. ’

Table I .
Summarv of Inhzbdfor Rank1ng Pa“ameter Ya]ues

Ageht S a
CHBroCHBr, | . 3.2
CHeeg - o 1. 0 29
CBry .| S 2.9

- CCl4Br ' S 1.4
CHBr ' 1.3
-CFZBrFFégr__"l : 1.3

e | oA .
CFgBr - . LG -

-5 R

HC i -0.03

 CF,CICFCY, | o -0.28

Measurements ware made-at approx1mately 110°C 1n most cases.' Where

. the vapor pressure of the. 1nh1b1tor was toc low to g1"e effect1ve concen-

trat1on at this temperature, a temperaturﬁ of ahcut 200°C was used. Exper1- '

*ments with erBrCF Br suggest that the measured value of n may 1ncrease '
somewhat with *emperature. : :

' Tha use of n permits a COWpa gn of the effectnveness of d1fferent
agents at equal molar concwntra+1ans in the fuel stream. This is usefu} dn
"d1scu551ng the e‘fect of motecular structure on 1nh1b1tor action; A value
. of nm g indicates that the agent is acting pr1mar1!y as an inert diTuent
Water vapor, SO and . CFZC]CFCT2 appear to zct lzrgely in this way. Larger
N va1ues of n. 1nd1cate crem1ca1 1nh1“1t1nc effects on the flame, the- 3arger '

w



-the vulue of 1 he greater the 1nh1H1tor effect1veness on a char basis.

The mporbance of bromxne to effective 1nh1b1tor actxon is conf1rmed
by ‘the data of Table I. On the other hand, the relative 1neff1c1ency of
. Fluorine ronfammg compounds in the present experiments was unexpe*t cle 8
Both CF3Br and CFZBrCFzBr are reported to be effective 1nh1b1tn*> in pre-
mixed Tiames and EVEH CFZCICFCT “shows significant act1v1uy. The sffect o
.. of chemical structure on 1nh1b1tor eff1c1ency 15 dwqcus J 1n greater - )

'.deta11 ina Tater section.

From 2. pract1caT standpo:n;, the 1nh1b1tor effect1veness per un1t
- weight or per:unit volume of inhibitor in the Londensed phase is of

lnterest. Reiative eff1c1en01es Ca1CU]atEd in these two ways are’ sum-
. mar1zed in Table II - : S

Mass and Volume Rankmgs of Ir‘h1b1 tors -

LR . — s T VoTume Rank
Agent | Mo?.ar Rank- | 03 |7 lad®
~ ' ST M) O __no/M. M.
ChEr,CHBr, | 3.2 [ 9.3 | 276
CHBry 29 | s 33.4°
A R X 87 . | 300
e . L e 7.1 138
fewr 0 f w3 | 1B a -
CEArCFEr 13 K '»‘_s.’o | o
e, - | Ly | 72 11.4
" T X I A S AT
wﬂ_sqz L vﬂ, F-O_' _‘_“_._.__,,‘ T‘m]}é e , :_‘{,—-—,'-_
H O S N UK SL PV A S N 4
P P N T S B

a = Gas at normal temperature and pressure -



'The former permts a ready comr,amsor of the rel atwe .,ost of various
_ 11‘nb1t0r systems,-while the Jatter aﬂows an estimate of the v01 ume. ‘
~ fraction of m1cmencapsu1ated agent which must be eddﬂd to-the- base ,
polymer o prov‘de fire’ suppressmn actxon A smaﬂ vu]umntrlc 1oad'mg
»‘_-wﬂl be desweme ,,o '-nmnnze effects on tne phys'lra] pvoperhes of the
po'lymer._' - ' B



Addltwn o‘F mh'sb':tor to the. air str°am. - A fnw expemments were car- . -
;_"‘ued aut in w.iﬂch ihe agent was mtmduced into the air-stream rather than

" the fuei. stream [data in Appendix). Sulfur dickide ‘appeared to be roughly
.-"-‘-four t"'nes more effect.eo when ~n..rad~:‘.ed in the air stream. In the case of
~L2F4E‘" small ccncem,r tmns 11 dir were somc. *hat more e.‘fectne than in the
"fuel but as the conce‘ttrat‘non in air was increased the ﬂame quvkly became
-nstdb'le and &g re'hable valie of irhibitor efficiency was obtained. Similar
’ effects have been observed prevmusly when methyl bromide was added ta a '
diffuswn flame (ref. 6, 7) When it is ‘considered that a stmcmometrm ,

‘ propane-aw ﬂame reqmres approxxmatew 24 volumes of air per volume of
-_T,;propane, it appears. that the tota‘l quant1 ty of inhibitor reqmred to contro1
"_Va fire’ mey ‘be sma'ﬁer ann the true 1nh1b1tor efﬁmency greater when the”
'_‘inhi*i tor s mtroduced vnth ‘the fuel '

Attem ted eva.aat".un of ‘cﬂs' 2 -d1bromogrog_\m ghosghate. - Ths

cempound has a vapor. pressare of 4 orr at’ZSO“C.- In an attemnt 20 obtam an,
».j,;'nffectxve concentra‘h on in the: fue1 stream m t’-ne fori" of vauor or eroso]
‘it was 'mjected mta a h1gh ;.emperature vapomzer in the fue'l hne by means
' .cf a moter driven. Syrmge. The agent could: ne; be Ch‘]\“l‘ off +he ev;porator
-,without the o.-ﬁet of extensw=- cecomposit'lon. "he temperature ‘was vaﬁ ed up ;-
5 4:6°C, at which po'. vt heavy carbonaceous depos:ts ‘on the eva’"-rator com-
"‘:'. 91ete1y blocked the addition of more agent. .-Since it is general‘t_v thought

“_‘""that bromme is’ the active mh1b1ting species of most cmpounds tha* exh1b1t : '

- -ﬂame mhjb’tmn, we attmrpted to a'l]ow the tris cmpound to decompose and
o eva]uate the' effect of the dercmpom hcm pmau"ts on the Tlame. This .
3 produced only an crange z:b Tor in the fiame, but no detectable charge i

-Flame strength Recause. the decompos.twn nroduc?.’.s ware mainly: sohds ‘Iezt
: bemnd in the evauorator, no concentratmn value could be reported. '

o Anal_vsis of combus"mn products. - An attempt was made to analyze for .
: inhxbitm' fragments in- the combustwn products from the hurner.‘ Samples: of
: 'the hurner efﬂuer:t were co'llecteu in heated g!ass samphrg bulbs and



int%cducéd into the inlet of a quadrupole mass spectremeter. When CBry was
introduced into the fuel stream without a flame the expected fragment pattern
.ﬂasicbtained.‘(Figurell); Howsver, no bromine containing Ffragnents could be
- found in the exhaust products from the burner flade. The failure to find
HSrvwaé niot unekpécted, since it is known o be difficult to detect with the
E ﬁass Spéctrometer in this Zype of experiment (vef. 8,5 ), but since only a

- small part of the fuel was consumned in the burner it was expected that a

' part of the CBr4 would survive. )

1In another preliminary experwment the exhaust products fram a flame -
containing ﬁCT«Br were studied with the mass spectrometer. Fragments con-
taining ch1ar1ne bonded to carbon appeared to be present but no. bromine
containing SpeCTES were “iden t1f1ed Further anaiyt1ca1 studfes of inhibitors
containing ch1cr1ne or fiuorxne 1n addiuWOﬂ to bromine would appear to be of
iaterest. : . '

fcgaé*
B ‘CBr*
EI
2
2 . |
: % s : -cs&z"' L
£ o 1 .
=0 o ) - ol
£ ﬁn KWh’lfijﬁg1£‘ - j}. : chk3+ : ‘
. S ,_:‘5 1 “5, it
70

70 .80 'nn 130 150 190 -210° 230 280 270
, | MIASS (AMU) “ |
) F1gure 1

ﬁass Spectrum of CBr. in Propane Stream
(Trac» of CClerz 1mpur1fy}
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Theo ry of Flame Strength in the Opposed Jet Burner

It has been poinuéd out by Pptier and co-warkers (ref 1 and 2) that E

the critical flow for d1srupt1ng the diffusion flame between opposed fuel |

and ox1dant jets character*zes the rate of the chemical reaction in the
flame zone; thus, the index of flame strength derived from the critical
flow is.considered to be an index of the effoct of inhibiting ageﬁts on
the intensity of the combustion reaction. However, there ars three fiow
,paramétek; in the present experiments, i.e., the flow of propaﬁe, the
flow of propane plus admixed agent vapor, and the flow of air, and the
. experimedtal data show that these flows are not equivalent: substanti-
ally different and contradictory ratings of agent efficiencies are obtained
if the flow of. propane p}usfagent or the fldw of air is. substituted for
the flow of propane in the index of flame strength formulated by équa-
tion 1. It is therefore necessary to exaﬁine which flow bears a meaning-
ful relation to the reaction rate in the flame zone; otherwise the vali-
dity of the method and ‘the relevancy of the data are open to question.

Let us consider a diffusion flame between parailel stieams of fuel

‘and air, as shown s&hématica]ly jn figurs 2. As the two streams pass the
&ige of the dividing partitidn-they interdiffuse and the opposing diffu-
" sion flows of fuel and 0, react to yie'd the products €0, and H,0. Thus,
zone of chemical reaction is maintained which is bound on the right by
surface in which the fuel cbnsumptinn is compleied and on the Teft by
surface in which the'Cthumption of qz-mu1ecu]es is completed. No fuel

exists on the right side and no'o exfsts on the left side of the reaction
Zone, but mass conservaticn is preserved by *he _products COQ and HZO
which diffuse in both d1rect10ns and by the atmospheric n1trogen which
continues to interdiffuse with the fuel gas. ‘

" The ‘cositions of the reaction zone boundar1as are ‘determined by the
condition that the diffusion flow of fuel across the left-side boundary is
in stoichiometric proportion to the flow of 0, across. the right-side B
boundary, and by the further condition that the distance between the

o

.

10



Reactinh
Zone

Mixing Zcne

‘\{elcclitv;{rU . | \ . t .

Fuel Air
z ,Fu‘el ' NzQ‘-QE Praduct Gases
-- . _._’.‘——--———-—-——---———---—- .
= Concen*ation Profiles Ny~ g Product Gases - o
at Flamz Ba e - V2 .
§ am_ 58 . ; ., L4 m S O e S S e e e —
Ll
8 pf{' * .
1
Le -—a4 o— £,

" SZEA - " Fuel ‘ S - ' Ng + O, Product Gases
zi B . . R "'_‘-_Q-_.-v#‘-_..
‘57 . .

2 Product Gases. 0z
g a s @ t @ *E e v 8 pun
87 o2 o . s o s __,./r

: Figure 2 .
Scheme of Diffusion Flame Between
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boundaries is determined by the rate of the chemical reaction, in the
sense that the consumption of either comporient is completed in the time of
travel from ane boundary to the other.

Taking the fuei to be propane and using. simple dimensisral aﬁalysis,
wWe may represent the flux of propane intc tha reaction zone by D [P] /e,
where Dp is the diffusion coefficient, TPJ* is a concentration character1s-
tic of the propane concentration at the left-hand beundary of the reaction
ZOne; and ¢ is a 1ehgth characteristic of the width of the zdne. For the
flux of 0, across the other boundary we write s1m11ar1y Uo {02]*11, and

" hence

D, [PT*/s = o.znoztOé]f/a | S ®

since 0.2 moles of propanéxare required'fof combustion of ohe mle 0,. ‘

. The conceniration [02]* cannot, exceed the concen tration of oxygen in
air; and since the molar concentration of air is 2qual to the moiar con-‘
gentration [P] in the diluted propane stream (pressure and temperature
being equal). .t follows that

fo,1+ <0. ZI[P] . Cq8)

or from equation (3} . ) }
' [PI+/[P1, < 0.042(Dg /D) - (%2}
, 2 P .

which shoﬁs that the propane concentration [P]* zat the reaction zone boun-.

dary is ﬁ vary small fraction of the concentrcticn [P]o, inasmuch as the

diffusivity ratio D /B is of the order of unity. This means that the

' react1on Zone is s1tgated beyond the boundary of the fuel'Stream‘at'the

extreme.tail-ond of the propane concentration profite where the consumg -

- tioa of propase in the reaction zonz has very 11tt1e effect on the shape

- of the profile at higher levels of concentrataon. ‘The propa"e flux is
therefare'substantially governed by diffusion withcut chémécaT reaction,
and the gxygen flux adau;ts itself to the propane flux arcording to the
above stoichiometric va1at1ons supplemented hy '

nfﬂ/' DIPI/e - "(m'

i V-



which represents hn'ccn+inuify of flux across the reaction zone boundary,
L betng a length characteristic of the Tength of the propane ccncentration
profale.

The rate of the chemtca1 reaction is int roduced by the eguation
o [PJ*/z o : (6)

uhere r is the average rate of propane corsumptIQn in moles per unit
volume and unit time. The further. relat1on

® = £( [P]¥, [0,7%, T, [R] )

' shows T to be a functicn of the concent.-ations of propane and oxygen, the
average temperature T 'and the average free~radical concentration [R] in
the reaction zone. The magnitudé of each of these parameters, and hence
of r, 1s restricted by kinetic and th;rmodynamzc bounds. All of these
parameters decrease in the process of interdiffusion of the streams, that
is at increasing distance from the -flame base. It is therefore probable
that T decreases at a higher'ofder than [P]*, and since from equation (6)

| R R DEEEE;;;—f— | )

. g
i —

the width of the reaction zone increases with increasing distance from the
flame base, as indicated schematically in figure 2. At the flame bass the
value of rand [P]* are at a maximum. According to equation (4), approxi-
ud.l....Iy,

FP] max = 0.082 (D4 /D ) rp]

{9)

and from (5}, (6), and {9} the maximum (or cr1..ca1)1f1ux‘of propane at
which Ehe Feaction is sustained becomes

BlPlgte = /o otz a m _ {10)

-

The flux decreased frcm “1171n1ty“ at the connt of °ntrance of the . stream
into the nnx1ng zone, ..e., at the burner ex1t, to the critical flux
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_ﬂp{P}QILC at the height h above the burner exit. If U is the stream velce

ity and ¢ is the time in which the flux decreases from "infinity" to the
critical value, tha height of the flame base above the burnér is given by

h = Uz ‘ _ (1}

The time v and the diffusion distance L, are related roughly by the
equation

z . |
| Le = 2 Dp T ' (12)
and combining equations (10), (11}, and {12) one obiains
) .D . ) )
F a1p-2 1 r
Thax = 12 Dg, X ULP}D ‘ {13)
]

The preduct U[P]c is the fuel flow. If ap agent is added tc the stream

which decreases Fmax’ and if the fuel Tilow is unchanged, the flame height

h increases according o aquation (13). If the fuel flow is decreased

until the former flame height is reestablished, oneobtains frow equation {13)
oy With agent Tuei flow with agent =N

f

Toax w thout agent fuel flow without agent

which shows that the index of flzme strength, as defined by equaiion {i),
is indeed 3 measure of the decrease of the reaction rate in the flame zone.

I+ is experimentally possible %o mainiain a Hfted flame and obtain
-data on Nf from flame h2igni observations, but the method is not attractive
because the gas velocity U has an awkwerd and variable profile at the
stream boundary. In particular, immediately at the burner rim the velscity
is zern, so that the Tlame tends to Sett]e there. It is therefore far.more
‘practicable tofuse>the opposed-jet method which utilizes the stable center
portions of weii-daveloped Poiseuille flow profiles in the counteff]owing
streams of fuel gas and air. ) '

The aethod is 1Tlustrated schematically in figure 3. The impinge-
ment of the jets produces a stagnation point which fixes the diffusion

14
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interface between the streams:' The air and fuel streams méy be- 50 adjusted
that the reaction zone is equidistant from the stream outlets; thus, the
stagnation zone is. located off-center toward the Tuel outlet because the
reaction zone is situated at the extreme tail-end of the Tuel concertration
profiie on the air-side of the diffusion interface, as has been discussed.
above. A particie suspended in the air stream passes ‘through the f1amé
whereas a particlg suspended in the fue! stream dogs‘ not; a fact that has
been demonstrated experimentally by Fotter and co-workers (2}. The off-
center position of the Stagnatian'zdne signifiés that fhe‘momentum of <he
~&ir stream pa'ruzair (p= density, U = linear v§1ocity), is larger thar the
momentum Pr 1] Fon the fuel side (pF being the density of the fuel/agent
mixture). In the present experiments the momentum ratio is fovud to be
&1ways close to 2. We mention here that by using ethane, oxygen and
‘pitrogen cne can prepare ethane/nitrogen and oxygen/nitrogen mixtures of
- #irtusYly identical diffusivities and densities and a stoichiometric ratio
of 1:1 bylvolume. .In opposing streams of such mixtures of equal velocities
‘the stagnation zone and the reaction zone ceoincide exactly at equal dis-
tances from the stream outlets and particles suspended in either stream do
not pass through the flame. This has been demonstrated experimentally by
_:Pandya‘and Weinberg (10).  But in the usual hydrocérboﬁ—air'diffusion flames
the reacticn zone is always on the air side of the diffusion interface, and
since in the opposed-jet configuration air enters the reaction zone virtually
uidiluted by combustion products, the concentration [QZ]* is always 0.21{Aﬁr]o;
where [Air]é denotes the caoncentration of molecules of nitrogen and oxygen in
‘undiTiited air. Thus, from equation {3},
7 [PI* = n.042 fnéz(np) [Air], o (15)
and from equation (6) ’ L

o= -a;-. '2 A )
/{V- 0.042 DOZEA..]Olz | {16}

Using the subscript i to denote concentrations at the diffusion interface,
we write 2nalogous to egquation (5}
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nptpji I, = .0.042062[;&#]0/2 : ' {17)

The term Dﬁ[P]i/LZ is the'dfffusionvfiux of propane across the interface, and
Since the system is in a steady state this flux is balanced by the outFlow of °
propane at the interface, which is the product of the cancentration [P]i and
the velocity of the air stream, ', .. We write therefore

0,013/t - [Pyl = 0 | C 1)

‘Values of Ugip are obtained from the data in Table 1 by the relation

U - Air volume flow, cm /sec at 1 atm and test tempgrature cm _

air Tube cross sectﬂon, 0.164cme o sec {19)

Hr1t1ng [Air7 Tor the cecncentration of nithogen and product gases at the
interface, the aralogcus equation for the flux balance on the fuel side
becames {with DAir = DUZ)

BOZ [Airl; /L, - [Airl, u=5" ' .' (20)

where U is the velocity of the propane + agent mixture, i.e.,

U= fuel volume f'w, cm3fsec at 1 atm,'and test temperzture x 100 cm
‘ . Tube cross section. 0.184 cm2 . 100 - % agent sec
(21}

The net flux of molecules across the interface is zerc, so that

Bg [A"lr]-ﬁ-'i =9, (-EPL- + [Agl; ) L, - (22)

where [Ag]. is the ccncentrat1cn of agent molecules at tha |n+erraCc . The
total concentrat1on of moleculas ‘is constant, so that )

], = TP+ Chgly = (1 + gl + faivd, (@

From equations {18) and (20)
L = B,/ . {24)
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~ and |
Ly = D, fU - (25)
1 02/ - |
Taking : . .
P2, + [Agl;/(LP], + [Agl) > [P1/IP], (%)

one obtains from the above eguations

[T T

. IPl Vol | . :
p —V= &Y . [y (27}
, . u o] .

B h

~N

L+
air
and! for the critical width 5. of the reaction zone corresponding to the

critical veiocities Uc and Uc'{air)'at' which the flame becomes exti nct,

R Ueiair) 1P, U _ . | (23)
¢ Uetair) Ye . 042 D(J‘?[ﬂ”-‘"]o. :

Hd

. _ .
nd for Foax

"2 2 . i ’
‘ U . '
= . 25 clairy - molecules (201
Tmax D, [Air] (U Loy F U ) ( EPJQUC) : cmgsec ' 22
: g, o c(ai_r) ¢ ¢ _

SO ,
| 0.042 DDZLAw]D/g c

AS

where

, - A5 _ . .
[P]uuc = 2'%’{510- Tz73 X Propane Flaw (table A?)P—M—eé- (33)
- {test) . S -~ om" sec '
' and fina'['ly
' “max with agent - _ Fuel fiow with agent - N . (31)
-y ~ FusT flow without agent f S )

‘ ,rmax without agent
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if U /Uc(a1r) mL ]/L '(équatioﬁs (24)'and (25} is constant. 'Similarity '
considerations <uggest that the ratio L,/L is constant, and th1s is con-
firmed by the data in Table A which shuw that u /U is constant with-
in the experimental Timits. :

(air}

According to equation {31) the effect of agents on the reactxon rate is
represented by the square of the flame strength index i ﬂf._ Thus, an index of
. .9 corresponds to a reduction of the rate by approx1mate]y 20 perie vt ‘and
an index. cf .7 tn a reduct1on by =0 percent ‘

‘ A]though the above system of equa».ers repreSea ts a dimensioral analysis.-
—only, it Should jxeld the carrect order. of magnituﬂp for the reacticn rate -
rmax Using values of 6. 25 and !D 38 cm /sec for the propane and air flows

at 104°C (Tab1e A1) and-the approx1mate value of 0.3 cm /sec for Dﬂ N one
obtains from equat:on {29) a value of 1023 molecuTas/cm3 sec, whrchzrepre—,»
sents the max1mum possible rate of corsvmpt1or of propano mo?eculns in tne
reaction zone.. This is the same order of- magﬂ1tude *hat is feund in ccmbus-"
tion waves of sto1ch’ometr1ca11y pre-mixed hydrocarbor; and air, as is
expected a priori, and thus confirms that the theory is substant1a11y cn?-

rect and that the data on flame strength and agent efficiency are valid.



Effect of Ir.hib-itors an the Diffusion -F?'ame

The chemical mechamsm of combustion \.ompnses numeyous

binary reactions between neutr‘a'[ molecules and free rvadicals or free
. atoms. Thg neutra'l wﬂe(:u]r\s are oxygen, fue! gas, and mtermed-:me
" reaction praducts such as hydrogen, carben monoxide, alefins, acetylene,
and aldehydes. - Known free radicals are OH, CHO, and fr_agments. of
hydrocérbuns or oxygenated hydrocartons with free valences cn a C-atom

or D-atom; and the free atoms are H.and 0. Binary reactions of this
type, as for example Hy + OH = K + H,0 or CgHy + O = Cqiy + Hy0, have
. generatly zow actw tion energzns and corres;mndmg'ly occur with hi gh
; probab1hty m ma'lecu‘iar collisions of the respactive species 'if the
temperature is hmgh " Reactions .between neutral molecules such as the
reacn on C3H8 +. 02»- C3H + HO have high ‘activation enargies and
cor"uspondingl_/ low pmbabﬂit es even at fiame temperatures. Reaction
-between a neutral mu'iecu‘le and a free radma‘i results in.a transfer of
the free valeace to anothe. mo.ecular spe»:les, and this is repeated in
‘ .,uusequent reactions as ﬂlnstrated by sequences such. as }’.2 + 0K =
, H+H20 H+0, =0+ 0, oraltﬂrnatw U,Hd-c -ch7+H2,

C3H7 + G = CZH CHO + OK (or alternatively C H5C0 + ng, CH, + 20+ Oy
2 g+ 80 + HZO), etc., s0 that each freé valence generates a chain of
c":emm.‘! transfcrmatio 15 by waieh the or.gmal molecu-es of fuel are
pmgrass::e‘ly degraded and a.ndizod Chaing are broken .‘:v deﬁtructwn ¥
~free radicals in re:::mbfnatw-a reo.ct.ons such.as H + G + K = H Q+ i"
(where M ‘s an unapecif'led "thwd body™ ). and are 'in'ltuted by generatwn
oF free. ramca:s from neutral mo'tecu‘les. THis may occur, say, by mong-
N mo'!ecula. dwsomat:un of fuel molecules as exemphﬁed b_v Csbg = Cas
CH3, or by bmary fue]-ox,)rgen reactions exempli‘ ed by CHg + 0y = CH, + ‘
Hﬁz or by the weT'!-—known cham-branchmg reac.tim Heo, = OH + Q
- which yse‘ids tvo free va1enc~s in. the form of a bwa'iqnt B-atom in aad'ftwr- _
‘to ‘the sing‘e free valencn of the H-atom, which is preserved in the hydrox;.
ragical. This chain—bvrch-ing reaction is genera'!ly consmered te be
the predcrmant mechanism. of free radical generation in hvdrocarbon ﬂa mes ( ‘N"' 1 )
The Awo va1e-::~es of the B-atm are .,ransferred ta other free-*adx a1 Spemes
by react"ﬁns such as 0 0 C3 8 = CH + 03H7, 0+ Ha a OH * H and ana1ogcus '
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reactions of 0 with various 1ntermediaqe'reaqtion products. The H atoms’
reﬁuired for chain brgnching are generated by the reactipns 0+ H2‘=

OH + H, OH + H2‘= H20.+ H, OH + CO =_CQ2 + H and also, according te
available evidence , by monomolecular decomposition of aliphatic free
radicals, as for example, C3H7 = C3H6 + H {ref. \2) The decomposition may
also occir in other modes, such as 03H7 C3H + HZ’ and appears te be
the basic mecr=n1sm of "cracki ng" of paraffin hydrocarbons into olefins,
'Hz and. other fragments such Ch,. Although these "crackina” reactions are
endothermic they occur readils at higher temperatures, and in part1cular
in the presence of traces of oxygen which apparently stimuTates cracking
by generation 0f OH radicals. '

If fuel and oxygen are prem1 xed the reaczion zune propagate:
as a combustion wave from layer to 1ayer of the mixture at the rate at
whick diffusion of heat and free radicals from the react1on zone initiats:
" the chemical react1nn in the adjacent layer of the m1xture. The magnitucs
. of this thermal and molecular diffusion flux is limited qy the finite ratas
- of the chemica1 processes of heat release and free-radical generation,
and by the upper limits of temperature and free-radical concentrations
jmsposed by exhaustion of fuel, oxygen, and intermediate reaction products
(inc1uding free‘radita]s) in the rgaction zone. The combustion wave thus
- attains a steady state in which the various interdependent parameters -

the burning velocity, viz., the wave velocity relative to the unburned.
‘QAS, the temperaturé‘profi1e, the'concentration'prpfiles of the various
molecular species, and the various chemical rate processes - are in '
equilibrium. - If the gases. are not premixed and burn as a diffusion flams
¥ sigilar equilibrium 1s maxntained between diffusiaon of fue1 and oxygen
,iutn the reacticn zone, chem1ca3 generat1on of heat and free radicals in
the zone, and outwerd diffusion uf‘heat and free radicals fram_bothls1de_:
. of the reacticn zone into the streams of fuel and:oxvgen. However, thers _
“4s no combustion wave or burning valocity assoc1afed with the process,
. and the equ111br1um changes cortinuously duwnstream from the zone of
151tia1 fuel—oxygen contact a3 the strﬂams become progr3551ve1y di ?uted
by the reac+1on products.
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Eddition of an inert gas decreases the temperature levels

Whroughout the rezction zon2 due to the heat capacity of the additive.
This has both the physical effest of reducing the thermal diffusion
flux and the chemical effect of reducing reaction probabilities in
. molecular tollisions accerding to the activation energies of the
various elementary reacticons. The overall effect on a premixed flame
is‘a decrease of the burning velocity and an increase of the width of
the coibustion wave. If the ditution is carried :urf1c1ent1y far the
wave width tecomes so large that the temperature and concentration
proflues are critically perturbed by the flame-generated gas flow.

his flow originates from the thermal expansion of the burning gas and,
as discussed in ref. 13, it has shear component> paraTleI +o0 the flame
surface depending on confinement and other factars such as buoyancy.
The shear flov iucreases the flux of heat and free-radicals from the
reaction zone into the unburned gas, causing extinction of the flame
when the diluent percentage sxceeds the critical limit krown as 1imit
' of fiammability. A similar critical limit applies to diffusion flames,
as has been cohserved in the present exper1ments

Additives such as CHnr3, CH Br, etc., are fue1s and have
a s1gn1f1cant dijuent effect only if the mixture is deficient in oxygen..
ihey burn ia diffusion flames where the supply of oxygen is unlimited.
Even CBry is by no means an inert diluent in the sense of N, or Hy0
since the reaction CBry + 0, = CO, + ZBrz generztes.about 106 kcal per
‘mole. The strong inhibiting effect of these compounds is therefore
‘attr1butab1e tp chemical inhibition of rree-rad1ca1 chains,

‘ An obvious 1nh1b‘t1ng reaction is typifwed by =CBr + H -
=~ + HBr, which is exothermic by about 20-30 kca]/mo]e and fhus should -
have a h1gh probability of occurrence. Thls type of reaction inhibits
‘rcha1n b*ancnanq bv yapturlng H - atoms and thus supprnssing the genera--
tion of OH and O in reactions of H with 0 Ax;hnugh it generates free
_ radicals such as CBrs, CPBFZ, etc., the react1on cha1ns or1g1nat1ng
from tbese free—rad1ca1 species are rot branched and the overall cone
centrat1on of free radicals is decreased correspondlng to the decrease




of the ratio of chain-branching by H + 0, = OH + O to chain-breaking
by free-radical recombinations. Chain branching is alse inhibited
if U-atoms are captured in reactions that do not yield chain-continuing
atoms or free radicals. In particular, reactions of O with carbon
coapounds are conceivable in which 0 and C are doubie-bonded to C=0
and no fres valences are generated. 3Iince Oéatoms no doukt react
-yery readily with brominated hydrocarbons , one may hypathesize, for
exampie, the occurrence of reactions such. as CBré + 0= Br2£0‘+ sz
{or CO + ZBrz)‘,‘CHBr3 + 0 = B0 + HBr, CHyBr + 0 = H,CO + HBr, etc.
Such reactions would be exothermic of the crder of 100 kcal/mole and
except for the last reaction would be sufficiently energetic to yield
bromine atoms, 7. e., 0 + CBr4 = C0 + 4Br, etc. However, bromine
atoms are relatively unrzactive because reactions such as C3H8.+ Br =
C3H7 + HB8r are endothermic; hence, if bromine atoms become a signifi-
cant part of the atom and free-radical population of the system the
chain iehgth, viz., the average number of chemical transformatidns
bétween the geﬁération and destruction of a free valence, is décreased
and the overall reaction is slowed dawn. Thus, the capture'of ¢ hy a
brominated hydrocarbon appears certain tc have an inhibiting effect on
‘the chain reaction. The same applies to coneeivabie reactions of OH
such as CBr, + OH = BroC0 + HBr + Br, CHBry + OH = Br,C0 + H, '+ Br,
etc. If fluorocarbors react with oxygen one may expect toc obtain the
compound F,C0 which is known to be very stable; thus, the reactions
EFSBr +0 = FZCO +_FBr and CFSBr + QH = F2C0 + HF + Br are strongly
exothermic and probably take place very readily.

—dy

- In 2'dfffusicn‘f13mé‘Uf'&'fﬂé}‘such'as>propaﬁe in air the
flux of air into the reaction zome is about 25 times larger than the
 flux of propane. Thus, if the inhibitor is admixed to the fuel stream
 the Tlux of agent into the reaction zome is much smaller than the flux
obtained by adﬁixing an eqgual percentage'cf agent‘%o the air stream,

It follows that for an equal decrease of the avérage réaqtioh rate ¥
~or flame stﬁength indexuNf the rejuired agent pgrcentége is higher in
the fuel stream than in the air stream. The data im Table AI show that
this is the case but that the ratio of agert concentrations in air and.
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fuel for a given flame strength is of the order of 3 to 4 rather than
&, This supports the concept ¢f a preheat or pre-activaticn zone
situated on the fuel side of the r=zaction zone, in a region of relatively
high fuel concentration. As is well-knawn, hydrogen and unsaturates
are generated on the fuel side cf hydrocarbon diffusion flames by endo-
thermic “cracking" iﬁduced by the flux of hezt and free radicals from
the reaction zone (this process generaies the characteristic vellow
carbon luminosity of fiames}. Tne flame is thus maintained by a feed-
back cycie cemprising diffusion of hydregen from the pre-activaticn
zone into the reaction zoné,'free-radica] generation in the reaction
‘zong via the hydrsgen-oxygen chein-branching reaction, beat release
in the reaction zone by f“ee-radfcal chain-reacticns, and generation of
" hydrogen in the pre-azctivation zone ﬁy diffusion of heat and free radi-
cals from the reaction zcne. The cycle is disturbed bv any aéent that
disturbs the gereration of hydrogen in the pre-activation zore, Hence,
if the iﬁhibiting action occurs pradominantly in the pre-activation
zone, where the concentration of an agent in the fuel stream is relativels
high, the agent effect is not neavly as smali as would be expected if
the inrnibition were taking place in the reaction zgne. The data thus
point to the conclusion that inhibition occurs predaminantly in the
‘prEnactivaticﬁ zone. ’ ’

Further support for this model can be found in the effect uf the
agernt on the position of the reaction zone, Referring o figure'3, the
experiment is conducted so that the reaction zone is always kept midway
betwggn the opposing orifices. Since the reaction ocrurs by diffusion’
of fuz} inig the air siream, this,:eqafres.that,thg,stagnation,zcne”must
be Tocated on the fuel side of &h= burner, or that the momentum of the air
~ Stream must be greater than that cf the fuel stream. This is confirmed &y

the dats $n Tabie 1II. ' o - '
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TABLE IIT .

EFFECT OF INHIBITING AGENTS ON THE LOCATION OF
- THE REACTION ZONE

Agent: CFZBrCFZBr
Agent in Fuel - ‘ . ) Agent in Air
2 lgent pugif f””%ﬁel % Agent ougir/gugu21
0.0 1.72 0.0 1.86 ]
3,88 : 1.54 0.46 . 2.00
7.56 1,39 . : 0.95 . 2.07 i
15,12 ' 1.13 - 1.13 2.05 F
18.96 . 1.05 1.21 2.10 !
: : : 2.72 2.3% j
2.77 2.39 1
5.44 fiame unstable r
Agent: SO2
2.0° 2.41 0.0 1.42
6.43 2,45 2.32 1.48
0. 22 2.29 3.1 1.54
14.50 : 2.24 3.75 1.80 :
15.75 2.26 3.80 . 1.63 .
18.25 2.28 ‘

However, the data show ;hat when aq active inhibitor such as'CFZBrﬁFZBr
15 added to the fuel stream the reaction zome is -displaced in the direction
of the stagnatidn zone. As the critical extinction concentraticn i approachsd
~ .the two zomes practically coincide. This must be accompanied by a steepening
of concentration and temperature gradients and a narrowing of the reaction
zone. - Strong aerodynamic forces will contribute {Lc'ﬂame “instability.

Wher the agent is added to the air stream the reaction zome is displaczd
in the opposite direction. This must be accompanied by a lewering of concen-
_ tration gradients and a broadening of the reaction zone. ' The volumetric fue!
gorsumption rate falls, the temperature decreases, and eventua11y the reactio-
is unable to sustain itself. In this case the concentration gradient-of the
inhibitor is cpposite to that of the radical generating fuel species, causing
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a flattening of the reaction profiles, while when the zgent is added wiz
the fuel the concentration gradients are in the same direction.

An "inert” dijuent such 2as 502 sicws only a small effect, althouzt in
the came dirzction., A more detailed study of the structure of the inhitfted
opposed jet flame should provide impertant information on the mechanism :f
inhibitor action, - ' '

Similar conclusions have been reached from a study of thz inmhibizion
of premixed flames {ref. 9, 14), Although in this cese the initial ager:
distribution is univorm throughout the reaction zone, the principal effe:t
is seen in the pre-activation zone where radical concentrations are supc-essed.
Concentration and temperature gradients are st2epened in the approach tc the
reaction zove and the maximum fTéme tomperature increases to allow compiztion.
of the reaction within the narrower reaction zone.

The neat capacity of 502 is larger than the heat capacity of
H20 by & Tactor of about 1.3, which may explain the somewhat greater
efficiency of 502 over HZO as shown in Table 1. The compound C2F3CT3-
is npt an inert gas but rather a fuel with a calorific value bejow
hydrocarbon fuels. It is therefore an inhibitor byt is less efficient
than HZD and SD2. Brcmjne compounds may be ﬁhought to intercept OH
and 0 that diffuse from the reaction zone into the pre-activation zone
and induce “cracking”, and also to destroy H generated in the pre-
activation zone by reactions such as Hy + OH = H,0 + H. It is noted
that in the present work the cowpound EFsar,shous‘up to much less
advantage than in previcus work (ref. 3) with the cpposed-jet burner, in
which the fuel wis methane and CF33T was found to be about as efficient
as CHSBr. The significant difference between a methane and propane
fTamelappears te be in the pre-activation zone of the iwo systems.
~ Hydrogen is far more readily generated from propane than fram methéne,
which suggests that the Hz-ccncentratimx ir the pre-activation zone of
a propane flame is high and OH and 0 diffusing irto_the zone disappear
rapidly in reactions with Hz, to form H. Ik the ﬁethane'systém.the Hz-
concentration is presumably Tow and the dominant chain carriers in the
pre-activation zone are OH and 0 rather than H. One.-may then interpret
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the data to signify that CHaar and CFSBr are about equally efficient
with respect to destruction ¢f OH and 0, but that H-atoms are more
efficiently desiroyed by CH38r than by CF3Br. This intarpretation

is speculative at present inasmuch as thers is no independent evidence
available for the assumpiion that CFSBr-reacts less readily wit@ H
than CHaBr. o
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Experimental Methods

The purpose of this task was to provide a relative ranking of vzrious
candidate f1ame‘inhibiting agents on the basis of their abiiity to redice the -
flame strength of a diffusion flame, The opposed jet burner, similar g that
used by Friedman and Levy (ref '3), was used for this purpose.

uutane was selected orwglna.ly as the experimental fuel becauss
approximates the preoperties of the heavier hydrocarbons encountered i fuel
‘fires. However, its low vapor pressure {13 psig) at room temperaturs -reates
difficulties in metering and the high stoichiometric ratio with air {1:31)
vauses. probiems in burner cgeration. The use of an inert gas diluent relieves
some of these problems but introduces others. Conseguently, a change was
. made to propane as the fuel in the experiments described here.

The agents studied in the nrogram fell in two groups; agentslprevioqsly
studied which were used to check the performance of the burner, and czadidate
agents for encapsuiation suggested by Ames Research Center. The firs: group
included CH3Br, CFaﬂr, and CCT4 The seccnd group included CBr4, CHB- CHBrZ,_
CCT3BF, CFZErCFZBr, 1613, 502, H,G, CFZCICFCLE, tris {2,3 dibromoprag.T)
phosphate, and moliybdenim carbcny1. Difficulties in encapsulating IC” 3 caused
it to be dropped from the program, and LH8r3 was substituted in its pTzce.

The tow vapor pressure of tris (2,3 dibromopropyl) phosphate preventef'effec—
tive evaluation. Molybdenun hexacarbonyl was received toc Tate Tn ths pro-
gram for detailed study.

—Aggaratus. - Ihe-burner, shawn in fiQUKQAAi consisted of oppesz
coaxial veftical stainless ste=1 tubos, 0.46 cm i. d. and with a 1.0 =n
separation between tube ends. The f]aﬁe was shielded from drafts with a
Pyrexsleeve or in later experiments, with a ﬁetal sleeve having an zasily
replaceable fyrex window consisting of a hicroséopé slide. Frequent -z=place-
ment of the slide was necessary because of carbon or other selid depc_rt1on
during zxper1ments.
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Each burner tube was'jacketed with an outer concentric tube'for terpera-
ture conirol. Heat exchangers tonsisting of jacketed 4 ft. spirals of 1/¢
in. copper tubing were installed in the gés Tines immediately before the urner.
Circulation of oil from a constant temperature bath through the burner an:
heat exchangers allowed the témperature of the gases entering the burner ::am-
ber to be kept at any desired value between room temperatire end 220°C. E.rner
temperatﬁres were selected to prevent condensation of inhibitor in the lires.

Air and propane were metered to the burner through critical orificss
used with precision pressure regulators and bourdon gauges {ref. 15). Ths
orifices were calibrated with a wet test meter. Figure & shows 2 general
vigw of the apparatus before instaliation of thermal insulation.

Three methods were used for metering the inhibitor. ‘GaSeous agenté;
cngsr, CFgBr, and 302 were metered'through_critical orifices similar to thise
used for propane and air. Low Doiling liquids were metered from a heated
reservoir at superatmospheric'pressures through calibrated orifices. Conzzn-
trations were checked after 2ach burner run by trapping a sampie of the
propana-agent mixtare, freezing out the agent with dry ice;lﬁumping of f t-2
propane, wa'ming‘to'roam temperature, and measuring the residual vapor pre:-
sure of ageht. High boiling liquids were metered wi%hAa motor driven syr?‘ge;
Various syringe sizes and driﬁe rates permitted.a wide range of feed rates.
The syringes could be heated to permit their use with Tow melting solids.
Calibration with various syringe and drive speed combinations was acéomp??shed
gfavimetrica11y using mercéry. The Tiquid was injected directly onto the
heating element of.an evaporator which could be inserted inte either the =ia]
or air line by a system of valves. The temperature of the heating elemen:,
which consisted of an asbestos cloth wick woven with nichrome heating wire.
‘was controlled manuwally by a variable transfarmer ard monitaved by a chrom:1-
alume! thermocouple.

Operating Precedure. - A typical meisurement is made in the followi-g
manner. The burner temperature control system is brgught to the desired
temperature selected on the basis of the physical properties of the agen:
to be evaluated.  Fuel and air flows are started to the biurner. The ¢lams
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'fs iguited bj & bunsen burner and the flow rates of'bothlfueﬁ'and aiy are -
 adjusted unti? the flame ctabilizes. The flame is then centered between the -
jets by adju3t1ng either the . air or fuel flow while nbsevv1ng the flame throuoh
a catnetametef The Tlow rates are then tncreaSﬁd in small increments, ma1n-
;  tainlng the f?ame 3t the m:dp01n between the jeis, unt11 a fatat noTe appears. ‘
© in the center Thxs is recordﬂd as. the hole point and is VE“1T1eu twice, '
(1) by increa51ng the flow rates beyond the mip lLium hele opening, therEuy
g 1ncreasing the size of the ho]e, and then return1ng to the minimum openTng
from this di rection and (2) by dncrea51ng the fiow vates to a pOIHt where no
i hone it v1sfb1e and f1nd1ng the minimm or; tical flow aga1n by 1ncreas1ng
i the f1ow>. The flow of fuel at the mﬁn1mum rate at which a hole exists is
~ the value reported as. the "critical-fuel flow without agent." The agent is
"then introduces into the fuel by ‘bypassing the fuel through ihe agent injaction

:system after fmrst reduc1ng the f1cw of both gases below: the hole point. The

procedure used in determ1n1ng ‘the hole point without agent is’ repeated. Tnis

© Rew value for the fueT flow is recorded as the Yeritical fuei flow with aQEﬂt.“
. F1gures €A and GB are photographs of the f1ame before and after reach1ﬂg the
-;‘uritica1 flow conditions. . The flow was 1ncreased well beyond the critical
‘ffvaTue in. figure 68 to 1ncrease the hnle s1ze for photograph1c purposes.

The detect1on of *he cr1t1cal acint by this procedure requ1res sub-
'-jectava Judgment on the part of the operator.: An expnr1enced operator. will
'Qusua!ly detect the hole point at -a 511ghtly lower flow than-an 1nexper1enced ‘
one. However since on]y relative Tlow rates are used in, caTcu]atxng 1nr*b1- '
f'tur effic1enc1es, no ser&aus error rasults 1f 211 of the data on a g1ven _
' inhib1tor are taken by ‘the. same Qpbratcr ‘In pract1ce, two exper1enced
 operators obtained all of the'data used for inhibitor svaluation. An @ - E
'finstruaentai method of detect1ng the hole point would be a des1rable 1mprove-

- ment tn the apparatus._ The cr1t1ca? fuel flow w1thoat 1nh1b1tcr varied frmn B

' day to ﬂa; fo. unknu.u reasons. A base. pnir+ at.zero 1nhib1tﬂr concentratuon .
| was detﬂnm*rrd at. tﬁe start of ea h day s ™ and redeterﬂ1ved at 1ntervals :
. during the day ' - RS ' EER :

[
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AGENT RELEASE FROM MICROCAPSULES

. The extinguishihg agents studied in this program are intended for use
in the form‘of‘po1ymer coated microcapsules. These are to be incorporated
irto a poiymeric matrix or foam which can -be used for structural or insula-
ting purposes. In the event of a fire the agent will be released, extinguishiné
the fire. It is necessery that the microcapsules be sufficiently stable that .
- the agent is-ﬁqt lost during long exposure to ambient conditions. At the same
"time it must be released readily into the vapor phase under fire conditions.
An understandihg of the way fn}which the agent escapes from the capsules under
rarious cnrditione will be useful in guiding the development of practical sys-
tems. A varxety of experlments were performad to contrxbute o thxs under
standing. ‘

Mlcroencapsulated ax 1ngu.sh1ng agents were Drepared and furnished by
7the National Cash Reg1ster Company using encapsulatﬁon procedures developed im-
their Tabecratories. Briefly, the agent is suspended, in the form of small
L dropiets (or solid particles), in an immiscible liquid containi ng a dissolved
polymer. The solyner is caused to precipitate on the surface of the droplet.
Varicus treatments may then be used to insolubilize the polymer coating and
remove the carrier liquid. ?roperties of encapsulated agents supplied for use
on this. prcgram, as reported by NCR, are Smear1zed in Tab1e AIl of the Append1j

_ Gesat1r and po1yv1ny1 alcohol (PVA) were the princ1pa1 wa]l mater1a|s
used. In some cases a phenolic resin was added to insolubilize and harden the :
~wall and reduce agent permeation. The agent content of microcapsules ranged -

from 67 to 97 perceht‘and-particlé'sizes-were iﬁ the 50—300 mitron‘farge.

Phgs1ca1 Examina+1on. - Photom1crographs of encapsulated CFZCICFCI2 are.
shewn in fwgures 78, and 78. The spread of part1c1e size is typical of most
of the samp]es exam1ned. The. prctrus1ans at oppos1te ends of the spheres are
reported to be ‘due ta pecu11ar1t1es in the encapsu1at10n process.  They nere.
ruch iess pram1nent or a]most ent1re1y absent in some samples.

DetaIIed parc1c1= s1ze d1str1but1nn curves have hnen reported by NCR.
fSaup]es were . screened in. our Iaboraeory by standard techn1ques to. prov1de
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_aamples with narrow size d1<tr1but1on for furcn r experiments. Typical

results are shown below.

Sample ho. S-61068-1 X
‘ Trichlorobromemethane

- Agent:
Encapsulaat: Po]yv1n¥1 alcohel
Particie Swze Analys1s' Size (p Nexght Percent
. >88 - 44,5
€62 to 88 47. 30
53 to 62 £.60

. 43 5.95

Sample Mo. $~7156¢-1°

-Agent: Tris (2,3-dibromoprepyl) phosphate
Encapsulaht: - Polyv1n¥1 alcohol
Part.cie Size Ana]ys1s. Size (y) Height Percent
: >125 37.60
.. 88 to 125 5.64
-6Z to 88 'BB.4AG
- 83 to 62 - 0.35 -
- <83

_ -.0.00.
 Sample Mo. 5-61168- oL

Agent: ‘ ‘Carbon Tetrabramﬂde .
Enczpsuiant: . : ‘Gelatin L B
"~ Particle Size Ana1y51s- Size (u) Ne1ght Pnrcent
>125 ' 50.0 © 50.00
88 to 125 A4 .60
62 to.88 5.36
53 1o 62 0.01
<53 ’ ~0.01

“An average wall thickness can be estimated from the perceht of wall

material, zssuming.
range of 2-20u are

spherical capsules with uniform walls.’
0bvious1y the assumption of

calculated in this: way.'

Values.in the = -

srherical symmetry is poor for a sampTe such as that shohn 1n f1gure 7.
H1rrocapsu1es were embedded in paraffan and 5ec+1nned with a m1cra*cr
M1croscop1r examtrat1on showed wide vav1at1ons in wall thic xness, as shuwg
in the sketch in figure 8. The method of prepar tion suggesis that the
-average wall thickness should be relatﬁveiy unifarm ﬁ1th1n 2 batch regard-'

- 1ess of part1cle sxze.‘ Pre-1nxnary examinat1on appears te support th1s _
r'assumnt1on.' The sna;Ier part1c1es must then have: & much sma]ler agent tu '

wa!I wa:gnt rat1o than the: \arger part1c1es.
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Vapor release rates at ambient temperature. - Many of the extinguishing
agents studied have appreciable {.rapor pressures at normal pperati.ng tempera-
tures. Encapsulation reduces the rate of evaporation, but it is recessary
o know whether the rate of agent loss is sufficiently slow to permit use o7
the encapsulated agents under conditions of long exposure. Permeability
measurements at atmospheric pressure and 2G or 60°C for a-number of samples
wore reported by NCR. Similar measurements were made under vacuum {z1 torr)
in this laboratory. Samples were spread in an aluminuin weighing dish in a
dayer one EapSUTe deep and placed in a vacuum desiccator, from wh'ich,‘at
seiected time intervals, the dish was removed and weighed. Typical results
- are given in Tadle IV. Where available, comparable data at atmoshperic’
pressure from NCR have been i nc'luded for comparison. :

The low volatility of C7,C1CFCT, (baiting point 47.6°C, vapor pressure
at 25°C 235 torr) shows the effectiveness of the encapsulation technique.

" The small lass from the tric'h'l‘orobromomethane and tris (2,3—dibfmnopropy1)

phosphate is orobably due to loss of residual solvent or water from the sur-

face or capsule wall since the weight quickly levels off a%t a rearly constant

wvalue. The phosphate will have a very Tow vapor pressure at 25°C {vapor pres-

sure 4 torr at 250°C), but CBrC]a (boiling point 104°C) will have a signifi-

- eant vapor pressure at 25°C. The greater weight loss from the smaller par-

ticle size fractions, which have a greater su\"face area and 1arger percent

- of wall material, suppm-ts this view.

‘Carbon tetrabromide, on the other -hand, exhibits an entirely aifferent
type of behav-or. Uesmte its low vapor pressure (boiling point 182.5 °’:) it
diffuses readﬂy through the capsule wall and is almost conpletely lost within
24 hours. Carbon tetraicdide apparently exhibits similar behavior. The
sample received showed evidence of 2gent migration and matamhty on storage
in a sealed container. :

' Vapor release 2+ elevatad terperatures. Si m_ﬂ'e particle experiments,
A awber of experiments wera carried out in an effort to observe the behavior
ef single microcapsules on rapid 'heating. Capsules were p'laced-oh an =lec--
- triciily heated michrome ribbon and observed under z Jow power mi.ci'oscope.
On heating the ribbon the capsules were observed to explode 1ike popeern,

8



 Table IV

Vacuum Weight Loss from MacrocapsuTes
25°C, = 1 torr

.»‘Samn]e Mo. Unassigned
gent: CF C]CFC'I2 .
Encapsulant: Gelatin

Time () He.loss (4)

D
OO0

28

Samp1e No. S- 61168—

Agent: . Trighd orobromcne l.hane
Encapsulant: Gelatin

% Agent : 87 Meight Loss (%)
. : : NCR ,
“iTime (hr.) As Received >83y 62_to 88u $53u (T atm}
1 ‘ 1.09 1.30 1.35 1.05 '
2 - L.25 .- - -
& 1.42 1,08 1.51. 1.02
7 1.42 o 1.38 1.64 . - 1.28
24 1.41 1.61 1.73 1.16 0.
Sample Fo. S-61168-2
gent Carbon Tetrabmmde
Encapsulant: Gelatin :
% Agenti 81 T
, L Weight Loss (%) : ‘
Time {hr.) 2125 88 to 125y (1 atm)
T . 22.2 10.8
2 © 45.4 237
4 S 46.5 . 36.7
7 . ‘ 68.4 : 44.1
28 - T8.3 : §6.2

19 -




Table 1V (Conc1gded)

r— :
Sample No. J-B1068-1
Agent - Trichlorobromomethane
Encapsulant: - Poiyvinyl alcoho?
% Agent: - ' Weight Less (%)
: \ . he2
Time (hr.) As Received >58u 62 to 38u 53k (1 atm)
| 0.298 0.420 - 0.81% . 0.522
2 0.357 0.840 ‘ 0.320 - 0.820
5 0.502 0.706 0.655  0.940
7 0.5%0 0.82%5 ¢.838 . 1.52
24 0,935 1.44 1.24 3.2z 4
Sample Mo. S-71568-1
‘lAgent: Tris (2,3-dibromopropyl) phosphate'
Encapsulant: Polyvinyl alconol
. o N Weight Loss (%)
1 Time (hr.) 'As Received >125u 62 to 88
1. | . 0.476 - -
2 - 0,574 0.454 0.434
4 : 0.615 . 0,350 0.437
1 . - 0.850 - 0.433 ' 0.476
. 2R . _ 0.680 0.410 - 1.486
Sampie No. D-71268-1 : :
%gent: , Tris (2.3-dibromopropyl) phospﬁate
Encapsu1ant: Gelatin -
o , Weight Loss (%).
{lime (hr.) - _As Received >88: . 62 to 88
BN - 5.70 S 209 3.14
. 2 ot a.80 . . 2.36 3.92
4 . 6.65 . 2.28 2.2
7 6.88 . . .2.30 . 4.00
I .. 6.95 2,40 2,12



scattering the capsuies out of the field ¢f view. Aftempts to take high speed
motion pictures for study failed because of insufficient mdgnification and
illumination with the equipment available. Attempts to levitate the capsules
in a hot air stream also failed because the irregularly shaped ﬁartic?es could
not be kept within the field of view at adequate magnification. Capsules were
suspended in oil and observed on the hot stage of the microscope. Hairline
cracks appeared just before the capsules burst and left the fiald of view.
Possible softening effects of the oil on the capsule wall discouraged further
work with this. technique. |

A technique was developed for wounting individual microcapsules on

the head of a one mil chromel-aiumel thermccouple or on & fine glass fiber
' adjacent tu the thermocouple. The capsile was placed in a stream,of'nitrogen
issuing‘from an.electrically heated heat exchanger and observed with a stereo
microscope. The thermocouple temperature was recorded on a strip chart and
@ shorting switch enabled the operator to record the time of significant
events. The heating rate was anroximafe?y 20°C/min and the gas- velocity:
was about 5 ¢m/sec. The resulis of observat1on of a number of capsuxec by
tb1s method are reported in the f011ow1ng tao1e.

The more volatile agents. CZF3613 and CZF4Br2, shaw ftifly cbnsistant )
behavior; rupturing at an average temperature of 130°C, well above the boiling
points (47°C in each case). The vapor pressure at this temperature would be
| approximately 100 psig, although the temperature of the capsuie may lag behind

that of the thénnocouple Swelling of the'cansu}es prior to rupture was
observed in many cases. Veriations in zell wall thickness undoubtedly account
for nuch of the observed variations in behavior.

The less volatile tris (2,3 d.oromoprapy]) _phosphate survives to a2 much

higher temperature, indicatirg that vaporrpressure rather than thermal degrada-

Jon of the wall material is the primary cause of wail failure. Sqftaning
points of the gelatin ard PV1 wall materials, as observed on the hot stage,
were 168°C and 208°C respect1ve1y The actual capsule walls which are
treated with harden1ng agents wolld be expected to soften at somewhat higher
temperatures, The capsule swelling observed at high tecperatures may 1nd1cate
‘thermal decomposition of the agent. :

F
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Table Y

" Observations of Single Microcapsules

Heated in a Nitrogen Stream

I . - Hall Sphere  Rupture - .
Sample No. . Agent Material Size y Temp. °C ‘Comments
Unknown CoF3Cly felatin - 63 103 ‘ :
: ; 89 - . Rgent Tost without rupture
‘ 14 145
117 141
121 137
114 126
114 134
120 126 ‘ 4
203 - Agent Tost without rupture
_{J-61068-1 . CC14Br PYA - 89 - No observable change
: ‘ 89 ~ Walls darkened, no rupture
1 - Walls darkened, no rupture
132 177 ' ‘
Clr 180
5-51168-1 QCTjBr - Gelatin  101-204 - Six experiments performed,
f : a1l lost agent without
. rupture betwesn 100 and
200°¢C.
15-61168-2 E:Br4 Gelatin -85 133
- T 9 150
241 9%
114 222
J-g01£8-1 - CBr, Gelatin 254 . 57
N : - lee 225
180 155
89 1
190 77
J-80868-1 - ‘CBr4 PVA a9 184 ‘ : :
‘ - ) 89 .- Lost agent, no ruptura
76 175 S
76 -. No change up to 3G7°C
_ . _ 64 96 - . _
STt TTTT T T om0 T2 77T Rall Tdarkenad, no rupture |

J



Table V - Concluded

 Gbservations of Single Microcapsules
_Heated in a Nitrogen Stream

oo

o ' Wall Sphere  Rupture
Sample No. Agent -~ Material Size ¢ Temp. °C Comments
$-71868-1  Tris (2;3- PVA 89 - 231
dibromo- ‘ 89 . 373
propyl) : 76 194
phosphate o 64 122
- ' : L 65 342
‘ 75 347
_ 50 347
D-71268-1 Tris {2,3- Gelatin 114 212
dibromo- o 127 .- Sphere grew to 185 v.
propyl)} , - : no rupiure
phosphate = . R {3 282 o
J=-72558-1 C2F4Br2 . PVA . 182 - Agent Tost, no rupture
S oL 102 133 :
166 - 143 Sphere grew to 170u
165 i35 Spnere grew to 182y
138 - nyz Sphere grew
-] D-80268-1 P-nitrc - Parlon 254 . 126 - Walls melting
) aniline o 250 - 114 Walls melting
L pisulfats . . L ‘

The behavior of CCI3Br and (Br, wes even more erratic. Tt appears
that these agents diffuse throLgh the cell walls readily at elevated
temperatures, as.also abserved ‘at room temperattre. Depend1ng on the rate
o. heat1ng and walj cond1t1ons, a criticai pressure may or mav ﬁot be'rea;hed~
before agent is iost by dvffus1on. Thermal decomposit'on -of the agent and

react1nn of the products (Brz) with the wall material ray rurther comp11cate
the plcture. ’

Isotherma} release of agent at elevated *emgfféturés'- Sampies of encep--
-~ sulated agent were heated. "sothermaT}y and weight Toss with time was continu-,
: ;ous?y morrtorea These experiments. were carr1ed out by piacang agent (~1 gram)
in a a1ght wnlght alumi num capsule which in turn was sét on the pan of .a sensi~.
v tive ba]ance. The ba1ance was of the tyne that had a single pan mounted on’
top .of the cab1net A thermocouple was pos1tloned in the samp!e bed and 2
preheated aven was TGaered around the capsu1e

CL ’lﬁ, 43



Typical resu]ts are plotted in f1gures 9 i0, 11, and o

i2 After an 1n1t1a1 rap1d weight loss whose magn1tude increases. with temp-
' erature, the rate of agent loss decreases ta a Tow and near1y zonstant rate
o relattvely independent of temperature.: The exper*ment was performed by
plac1 g 2 preheated furnace over the sample conta1ner at zerc time. Tempera-
ture equ111br1um was establ1shed in apprax1mate1y one to two mlnutes, much K '
less than the .transient waight Toss périod observed at the start i the
. experTment It appears that a purtiun -of the agent 15 released more read1}y
than ‘the rema1nder. A sm311 port1on of th1s weight 1oss may v 'evresent surface
moisture o solvent or agent d1sso1ved in the outer. 1ayers of the cell wall.

'.‘ The bulk of read11y released agent, however, musn come from the 1nter1o' nf _

the capsu1es. ', "popping”. noise could be heard ‘in the conta1ner during the -
. period of rap1d we1ght Ioss d1m1n1sh1ng with time. Micrescuplc examanat1on
V, of the r395ules after the’ end of the heating period showed a portion of them -
o be empty wh11e the rema1nder were part1a11y f111ed with agen

_ The results suggest a conswderable degree of heterogentety 1n capsu]e

B structure wttr var1&t1ons in size, w¢11 th1ckness and perhaps even in poroswty

L ~of the wall. Dn heat1nn, pre;sure will 1ncrease 1ns1de ‘the capsu\e, even
fnr materia]s of Tow vapor pressure, 51nce the caeff1c ant of expanswor ef
the agent un11 be greater thar that of tne wa:?  Weak or th1n-wa11ed cap- .
sules will rupture and release alt of- thE1r agont rontent. The 1arger cap- _

»5ules uuu+d be. expected to rupture more eas11y (f1gure 10). After re1ease o
nf the agent from these more fragxle capsules further agent 1055 is. apparently
due tn a s} uw d1ffus1on proce55 wi*h a 1ow energy of act1vat1on. ‘The poly—?l
vinyI alcohaT cap;u1es have much greater waII strength than the geTat' n cap:
su1es (f1gure 11) SN

, Carbon tetrabrom1de shows an entxreiy d1fferent tyoe uf behav1or
(figure ‘2} The agsnt diffuses- readily. through the cell wall. Because =
B ef.the Tow" vapur préssure, no 51gn1f1cant pressure 1ncrease occz'slaﬁﬁ no
"‘ eapsuTe rupture s. ubserved. o o
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Agent release on rapid. heatmg of . mmroc:apaules. - An apparatus was
designed for the rapu‘: heatmg of small samp]es of encapsulated agents. Tha
‘apgaratus consisted of ‘a stainless steel tube, 9.37., in. 0. d. by 0.314 in.
i. d. by 2.2 in. long. ' The total free volume of the system was 2.15 cc. Tee

. Tower end of. the tube was c'iosed by a we"ded plate whﬂe the upper end was

fitted with a "T" fitting which provided ports for a thermocouple and & Kiszler
. Model 601 pressure transducer. The outputs of the thermocouple and pressw,
traesducer were fed to a dual channel oscilloscope ﬁtted with a Polaroid -
camera. The thermocouple could be pos1t1oned either in contact with the .
1nttrmr u*' the - chamber ‘wall or- in the gas phase '

In perforfrumg an exper'lment the chamber was 1oaded with a 'small weizhed
sm!e of encapsu]ated agent {=0.1 gm) and placed m a pr'zheated ‘tube’ furn;:e.
Rates of tenperature rise inside the chamber of abcut 30°C/sec were typu:al-
Reptesentatwe prescure vs., time and tenperature Vs, tme records obtained
Afm the oscﬂ]oscope are showr in figures 13 through 16. The records are.-

' reduced to standard units ('F1gure 17} awd cross-piotted to gwe pressn.re vs. .
teaperacure curves (ﬁgure 18) '

) =1gur=s 7 and 18 show .a de‘taﬂed anc.]vsu of the data from ﬁgure 1.

. This shows the reiease of agent from. a sample of CCiBn encapsuiated in gelzzin.
The chaber -pressure foﬂous the vapor pressure curve for the aqent dum ng -

the imitial part ‘of. the exper‘lment ‘but lays behmd at the- h1gher tewperatuﬂs,
-showing the retarding gffect of the. capsules on the rate of age-xt release.

The maximum pressure agrees w_el"l' with the calculated value, indicating the -
lack of significant pyrolysis of the wall material at these temperatures.
Examination of the residue in the chamber at the end cf an expemment showet
the capsule shells to be empty but mtact. ' '

F‘gure 14 shows a sm‘ﬂar expenment with LBr4 encapsuiat@d in gelar'..
A shght drop 1in pressure wth an increase in tanperature s observed at ons’
'poilkc, mchcatmg the cooling by evaporatmg causad by the su dden release of .
Tigiid agent ints the superheated gas. In Figure 15 unencapsu!ated CBr4 was
ph::d in the chamber, The tumperature remams approximatelv constant at
the lm nng point of CBra_, 1ncreasmg s‘low?y mth pressure until all of the
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" Fflow

" agent has vaporized.. Figure 16 shows an experiment with iris (2,3-dibromopr:syl)
phosphaté encapsulated-in PVA. Here evidence of rapid vaporizatidn is absen:
but thermal.decomposition of the agent is occurring since the chaiber pressu-:
greatly exceeds the caTcu]a,ed vapor pressure. -

D1ff1cu]t1es in def1n1ng heat’ trcnsfer conditions in this apparatus
discouraged attempts at a more quantitative analysis of the results.

Discussion of Vapor Release Mechanisms

- Ten sifuations Ean be cited where the nature of the release of fire
extinguishipg agents FrumlmiéroLupsu1e5<is impprtént. Theififst‘invo1ves
_Storage under ambient conditions, either of the unmodified capsu]eé or of ,
the céﬁsules embedded in a pelymeric matrix‘fcr’structurai apniications. Less
of agents. under these conditions will be. undes1rab1e becauce of Toss of fire
'.ext1ngu1sh1ng capacity and because of undesirable properties of the released
agent, such as toxicity or corrosive action. Agent Toss at ambTent tempera-
“tures will be contralled by permeation processes. The secbnd situation invcves
'§Ctusl fire conditions where the microcapsules will be subjégted‘ta ah‘jnfehza '
heat-flhx. The intehpal pressure in the capsule w111,1ﬁcrease while the cay~
sule wall is weakened. .CaPSUTE~ruﬁture will be the'principal mode of égént  ‘-

. velease under these cdnditionsf The‘experfments'described in the preceeding’
section provide support Yor these separate:mechanisms,qf agent release.

The probleF of vapor release under storage conditions.is esséntiall;

- that of permeation of a f?uld through a memb)ane. .lhis cﬁn cceur through
pores or cracks in the membrane, in which case the process is basiba]Ty dne of

: thrahgr an orifice or capiliary. Or it may occur by a true,dfffusig;

‘ pracess, sometImes called: activated d1ffu51nn. In the latter mode the flui:
d1sso]ves in the membrane ma+er1al 1fFuses through it, and is re]eased on
the other 51de. This.is beijeved to be the method by which LBF4 escapes
from gelatin, cap5u1e= (f1gure i2). and 1t also applies to the very slow

' re1ease af agent showu in figures 9-1’ after the initial ra?vd release
pemod . There arz a number of influence parameters - temperature, pressu*-
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wail material, wall thickness’ and agert volatility -- which have been investi-
‘gated experimentally and the following simplified analysis (ref. 15).provfdes
a basis for undérstanding some of the observed effects of these parameters.

The Steady flux, of a fluid throagh unit area of a membrane s given by
,Fick" Firsit Jaw of di ffus1on, :

J=-D2E o (32)

where O is the diffusion coefficient and ¢ is the concentration of Tluid

" within the membrane, x being distance. The coacentration can be épproximated
- by Henry's law, ¢ = up, where n is the fluid pressure, which will be,vapor
-bressure‘at the 'temperature in quéstion'in the cise of a liquid. Assuming
2lso a constant roncentrat1on grad1ent through the entire thlckness, d. of
the membrane, Hen equat1on (32} can be written, - i )

J=- of aprd . B VI

. It is emphasized that Lp'does not. ropresenf the totél pressure drop across
- the membrane but only the deirease of partna? pressure of. ‘luld Equation
~{324 is usually written -

= nrAp/d .; A | ' (34)

and I is called the permeab111ty constant - For the case of gases diffusfng
through various po!wmers {ref. 17' it has been found to dnperd EtponentlaITy
57 temperature. :

= ncéxp [-E/RT] h S (35

‘where uﬂE temperature coeff1c1ent of E is of the crder of 10 KcaT/moie

The abnve model ard awa1y51s ‘can bs-uSea To test the assert1on tkat
the permeation wechanxsm is ‘primarily’ cne of d1ffus1on as d1st1ngu1shed from
flow tﬁrougF m1cropa*e< “and ‘at the same time it provides an understand1ng '

‘9% the, exper1menta‘ resu1ts whtvh cnmprxse the eri ects of the aforsmenticned
.Tnflnence parameiers. S
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' Consider first the predicted temperature dependence- ~An activated diffusion“'
process will- athibit exponential temperature dependznce. If, however, capil-
lary flow prevails, and the fluid is a gas, the process will not exhibit very .
strong depandence on temperature. This is so bacause variation in the gas
flow due to -emperature change will only arise from gas density and viscosity
changes These: propert1es show re?at1ve‘" weak dependences on temperature,
which alse happen to be- oppnsed in direction Hence the. thennaT dependence
can sometares he1p in decxd1ng the ccrtr0111ng mechanism. When, however,

the fluid is a 11qu1d the drivi ing pressure for the capiilary flow wiii be _
’ _determ1ned by the. vapor pressure whxch alse var1es exponent1a11y with tempera-
ture. This constitutes a severe .1m1tat1on on the ab111ty of temperature
dependence to d1st1ngu1sh.uhe.mechanTSﬁ. And to further comp11cate the
problem, the temperature coefiicient in the Tiquid case wiTl be approximately
the heat of vaporizetion which is of the grder of 10 Kcal,noTe for the halo-
gerated. organics -of this study, the same as the prev.cus]y»c1»ed value for .
activated diffusion. Thus temperature dependence cannot decide between. the
Iperneat1on processes, but the . nbserveu dependence does fo110w as a 1ogwca1

' consequence of either. mechanzsn.r ‘ ' :

In contrast to the temperature parameter, ‘the dependence of *he
process on externaT pressure can be used to d1st1ngu1sh the mechanwsm Acti-
‘vated diffusion depends on the partIa1 pressure drop. nf gent across. the
maub'=n= wall, and qu1te secondarily on external pressure 0r1f1ce or cap*]—
1n1ary flow on, the other: hand Gepeuus on the tcta1 nressure drop across the .
channe‘ (to ‘some power of pressure between 0.5 and 2.0}, and hence signifi-
) cantlj on externa] pressure. The general absence of total pressure dependence'
'1n the vacuum eXper1ments 15 therefore not cons1szent with'a flow process

The +h1ckness of the wall mater1a1 is certa1n1y expected to be an . -
1nportant parameter in conta1n1ng agent within 2 capsu1e, and the presene
. treatment prov1des an exp]anat1on Equat1on (33) or (33} pred1cts that
agent flux will be. 1nuerse1y proportlonal to nembrane th1rkness s1mp11 becaus=
. .the concentration grad.ent TTattens with. longer d1ffus1an distances. (If
r.cap111ary Flow were 1mportant the channe] Iergeh, 1. e, wall thickness,
"1s_11kew15e inversely proport*ona! £ flux.)} ExperTWents et National Cash
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Register have dempnstrated that agent.release and wall thickness ape'iﬁ§e§591y
related, although the exact dependence was not determined.

For a given pércent of agent in the microcapsule, wall thickness will
increase and surface to volume ratio will decrease as the capsule size increases.
These effects-will tend tc reduce agent loss by diffusion. However, if the
particle size bocomes too large the capsules wili be more fragile and susceptibie
to thermal rupture, and they will be less suitable for incorporation inte a
plastic matrix. The choice of capsule size for a particuiar application will
invalve a compromise between opposing requirements.

It remains to discuss, in 1ight of *the mcdel, the effect of the chemical
nature of the agent and that of capsule material on permeation rate. Capillary
or orifice flew does not denend on the molecular characteristics of the Tiuid,
unless the pores are com:arable in size to molecule dimensions. However, dif-
fusion will substantially depend on the molecular properties of both agent and
membrane. The interaction of polymer and agent can be discussed in terms of
the sglubility parameter § or the related cohesive energy dersity E/V.

1/2

§ = {E/V) (36)

Here E is the total cohesive energy {heat of evaporation) and V is the molar
volume. Liquids with simiiar solubility paremeters will show enkanced mutual
sofubility. The coechesive energy depends on dispersion forces, dipole inter-
actions, and hydrogen bonding. Thus, while an agent and membrare material
having similar degrees of polarity may be enpected in general to show mutual
solubil{ty and good permeability, a variety of anomaious behaviers can be
observed.

Diffusion through & polymeric membrane will be further affected by the
physical structure of the polymer. Diffusion is usually slower through crystal-
1ine than through amorphous polymers. Cross linking will reduce the equili-
brium solubility {sweliing) of the liquid and so should reduce permeability.

At temperaiures above the glass transition temperature T_, increased mobility
of the poiymer segments will favor rapid diffusion., The glass transition
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temperatuie of poiyvinyl aIcohoT‘is approximatels 80°C, depending somewhat on
the degres of crystallinity., Swelling by & liquid will lower Tg, but the
hardering agents used in preparing the microcapsules may have an opposite
‘affect. The gelatin wall material is probabiy highly crystailine and in-
solubilized by cross linking. It shows strong hydrogen toading and will
interact with, and hold tenacieusly, water or other hydrogen bonding sal-

vents. Consequently, anomalbus diffusion behaviar is to be expectzd. Deter-
mivation of the structure and physical properties of the capsule wsl) materials,
as medified by the encapsuislion process, will be a necessary step in abtaining
a more quantitative description of microcapsule permeation bshavior.

Capsule rupture at high temperature follows g different course. As the
capsuie is heated both the Tiquid agent and the capsule wall will expand, but
the coefficient of expansion of the liauid may be an order of magnitude
greater than that of the wall material. With most plastics the resulting
wall stress would be relieved by plastic flow at temperatures above T_, but
in the case of highly cross lirked polymers such flow may not be possible.
Lapsule rupture may resuit, particularly in the case of agents of Tow volatility.

With agents of greater volatility, the internal pressure of the capsule
will be equal to the vapor pressure which increases expunentially with the
temperature. At some point in the heating cycle the vapor pressure may
exceed the strength of the cacsule wall and capsule rupture will result.
Agent loss through diffusion will take place simultanegusly and, if the rate
of heating is sluw, the agent may escape before the critical pressure is
reached.

The tensile strass in the wall of & thin walled sphere subjected to
fatermal pressurization ¥s spproximately

r AP
2t

g =

(37)

where r is the radius of the sphere, t is the wall thickness and 4P is the
prassure differential across the wall. :
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For a typical case r may be 50y, t 5y, ard ¢ =5 c?.-,Observatigns
indicate that_the vapor pressuve at rupturs may ke of the srder of 100-200
psi so o will have a value of a few hundred o & few *housand pzi, typical
of polymeric materials. From equatien 37 it iS apparent that for a constant
wall thickness thg smaller capsules will w?thstand a greater internal aressure.
However, if the agent content of ihe capsule is kept constant r/t is approxi-
mately constant and nothing is gained by going to smailer capsule sizes.

The response of the capsule wall material to an epplied stress is
highly complex, depending on the temperaturs and the physical structur: of
the palymer (crystallinity, cross linkinyg, plasticization, etc.) {ref. 18).
The response will alsp depend on the rate of aup!ication of the stress.
Below Tg the responsa tn a rapidly applied stress (rapid heating) will be
almost purely elastic with no permanent deformation. Abeve T a retarded
elastic response is observed and the capsule swelis. The thiuning of the
wall section is compensated to some cxtent by orientation of the polymer
molecules. At stil? higher temperatures a "softening poirt" is reached where
the polymer behaves 2s a viscous Tiquid with 1ittTe elastic response. Cap-
sule expansion becomes rapid and catastrophic wall failure occurs.

N Thus, the experimental observations of vapor release are in qualitative
accord with thegretical expectations, A more quantitative correlation must
await a more detailed characterization of the wall materials.

CONCLUSIONS AND RECOMMEMDATIONS

The opposaed-jet-burner-affords 2 convenient and meaningful_method of
evaluating fire extinguishing agents in a diffusion flame.
Many organchalogen campounds are effective fire suppressants when

introduced into the fuel side of a diffusion flame,

Of a series of organohalsgen agents evaluated by this technique, bromo-
form (CHBra) was found to be the most effective on a weight or voiu-
metric basis. Its physical properties also appeared to be suitable for micro-
encapsulation.
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A high bromine content appears to be necessary for gooo efficiancy in
organohatogen type agents,

The fluarine containing avents CF.Br, CF BrCF Br, and CF,CICFCI, ware
found to be Tess effective in the diffusion flame than in previous studies
in premixed fiames.

Significant differesctes in behavior are cbserved when the agent is
introduces from the fue? side or the air side of the opposed jet burne:.
Further studies should contrviite to i understanding of the mechanism of
inhibition in diffusion flames.

A wide variety ¢f chemical fire suppression agents are suitable for
use in the microencapsulation technique. It is recommended that the
screening of candidate agents be extencud to include a wider range of chemical
structures and compositions in a search for more efficient systems.

Polymeri¢ microcapsules contaiming volatile ¥ire suppressing agents
vose agent sTowly &t low temperatures by a permeation process. The permeation
rate depends on.the chemical structure of the agent and encapsulant.

Polyvinyl alcohal is more effective than gelatin as an encapsulani in
reducing the pirmeation rate for the agents studied.

Carbon tetrabromide diffuses readily through the capsule wall while
the chemically similar but moiecularly smaller CBrCl,4 is lost much more
slowly. Despite its volatility {b. p. 47.6°C), CFZCTtFEIZ diffuses even
more siowly.

Upon rapid heating (as when exposed to a fire), microcapsules .rupture
due to internal pressure and loss of physical strength in the wail material.

'Capsu1es can withstand internal {vapor) nressure of ihe crder of
100 to 200 psi before rupture. Observed tensile stresses in the wall at
rupture are in qualitative agresmant with expected properties of the waill
materials,
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The rate ¢f permeatidn of auent through the carsiule wall fncreases on’ s
stowly with increcsed temperature and interual pressure.

The samples of microcapsules examinsd in this program were quite hoterg-
genegus with respect to size, wali thickress. and physical strength., A
fraction of the capsules in a sample would rupture whan hezied to a relatively
Tow temperature while others would withstand a msci higher temperaiure.

It is recommended that a detailed study of the chemical structure and
mechanical properiies of the wall materials, as modified by the encapsuiati:n
process, be made to provide & basis for a more guantitative understanding of
azent lpse from microcapsules through permeation and capsule rupture.
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-Agent and
Barner.
Temperature

Air Flow -

cG/3ec

CHBr3
£00°C

CBr4
220°C

CH,Br
104°C

CC1,Br
112°¢C

12.54
12.00
12.43

13.87
12.96
13.64
13.47

12.50
13.30
12.73

10.83
10.85
10.43
10.69
10.43
10.57

9.9
9.35
9.53
“G.23
9.85
10.15
9.94
9.26

APPENDIX

Tatle A1

F1ane Strengtn Measurements

in the Oppesed Jet Burnar

Propane Flow
scfsen

7.57
6.56
"6.38

M=l NN O
S T

WO
NRBSHLER

g ineai ch
- [] - » - -
Q0 =t G0 M KDY
DO 0D — R

5.24
3.78
5.24
4.61
5.38
4.34
5.53
5.21
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- Kgent Percent .. Flame.
by Volume :trength
.1n Fuel N

g 1
‘ 2'34 .-88\’}‘7
S 4.85 .843-
5.40 uﬁstﬁa
0 1
9.70 787
0 1
2.2 2912
4, 95 .810
2.3 .895
4.85 .825
0 1
5.13 .882
6.75 .246
7.54 .8e1
8.68 .816
9.65 778
) 1
8.3 718
0 1
5.1 .880
0 1
3.8 918
a 1
1.0 942



c Table A1 Conﬁj}med

“Ageniand . s

e Lo e s 0o Agent Percent ¢ Flame
-~ Burner . Afr Flow - < -Prepane Flow - by Volure_ . . Stren:t
Temperature cefeec . - Cmeefsec. - ... in Fuel 'Nf
CCI4 R .84 . 543 0 . 1
A 10.03 - . 5.29 2.4 972
=112°C 5.9.94 MALE 2.47 CL9EF
; .12 " 5,56 V] 1 C T
9.6 5.05 £.5 236
3.75 . 4.56 B.6 R £ <
18,65 uier o BBR T S ; T
10.37 5.84 0 B
10.72 5.42 . 5.0 877
10.65 5.84 0 ¥
9.76 4.56 3.6 Py
30,12 5.56 " 0 1
9.69- 4.99 5.5 - 2ci
ERSRI! - 21. IO 5.56 s I 1
9.62 £.10 4.2 973
CFgBr . 10.85 €.34 - 1
' 11.48 5.91 5.83 -9
110°C 1G.24 4.75 11.63 T
9.48 £.31 0 1
9.25 4. 13.11 T
.32 4.63 €.45 gz
9.89 5.37 o 1
a.82 4.78 6,26 .80
9.7 4.48 9.16 .83
8.,5% 4.24 10.66 74
C.H,Br 13.41 8.16 0 1
2274 13.30 7.4 1.91 !
220°C 13.41 65.92 2.85 RILH
13.87 6.80 7.68 2=
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" “fabte AI Continued

“Bgent and Ageit Percent Flame

- Buyrner - Air Flow -~ - Propane Flow .. by Yolume: =~ Strsngth
TJemperatups  ocfsec - - - ccfser o in Fuel Ne
CZF4Br2 12.65 © 7.43 R 1 o
) , ' 32.65 7.17 - 1,59 : .965 -
200°C 12.87 7.04° 3.27 . .948
-~ 12.00: 7.16 3] i
~11.78 6.66° B =930
- 1E.67 6.38 4.58 .89}
T 11.45 5.86 ‘8.76 R .1 1
Ageirt admixed to air Percent in air .
10.69 £.78 1.33 - .924
11.56 6.25 1] B ¥
C2F4Br2 7.38 457 1] I
T 7.43 2.32 . 3.66 .945
80°C 7.50 4.07 J.56 - .893
‘ 7.43 3.64 15.12 . L 798
7.7 3.56 13.86 .78C
Agent admixed to air Percent in ai
7.47 &.47 - g -
59 §.45 A6 .995
7.38 4.26 96 975
7.23 4.28 L2 857
7.55 1.£5 0 1
.27 4.36 1.13 .989
£.76 3.23 2.77 77
©NF 4.52 0 1
b 3.52 2.72 77
5.44 unstable
¢,CTF 10.47 5.37 0 1
2733 10.72 6.05 7.0 950
112°C 10.51 6.26 7.0 .83
11.00 6.79 1] 1
10.44 6.47 6.5 R X
10.88 6.58 6.5 562
30.76 6.26 1.7 822
10.44 6.16 1.7 2997
1.0 £.73 18.0 .844
11.04 5.52 zz.4 .813



Tabie Al Loncluded

“Agent and Agent Percent  Flame

Burner Air Flow Propene Fiow oy Volume Strength
Temperature . cefzec ccfsec in Fuel Nf
H?U 2.1 6.28 0 1

' 12.32 5.83 20.7 .928
180°C 12.32 5.17 11.1 .982

12.53 €.34 0 H
11.49 4.3 40.9 710
11,90 5.41 22.2 .853
111°c 9.47 3.04 0 1
9.34 4.62 3.95 .87
9.59 5.12 ¢ 1
g9.49 4.93 3.1 .963
9.34 5.18 Q i
8.76 3.86 30.30 .745
9.47 5.12 0 1
9.65 4.93 i4.2 .953
8.56 5.23 0 1
9.03 4.58 12.4 .876
9.4% 5.23 0 1
g.24 4.74 " 10.75 506
SDZ 9.89 5.22 0 1
8.71 4.70 g.22 .9G0
1i7°C 8.80 4.45 14.50 - .852
10.16 5.25 ) 1
9.85 4.37 15.75 .832
S.71 4.15 18.25 .702
10.67 4.80 6.43 974
Agent admixe? fo air Percent in air
25°C 7.34 5.00 0 1
5.8 3.54 3.80 .788
6.52 4T Z2.32 -.902
5.90 4.02 3.75 .804
5.31 4.35 3.15 870
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Figure AL Plot of Measurements of Flame Strength Versus Agent
Added to Fuel for Three Selected Inhibitors,
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Sampie No.

Unknawn
S-611n8-1
J-61068-1

$-61168-2
S-71568-1

0-71268-1

3-72963-1

J-72568-1
J-80168-1
5-72368-1
D-80268-1

J-81368-2

J-807€8-1
J-60868-1

J-81468-1

S-111488
S-1172€8

S-111268-P

Microencapsulated Extinguishing Agent
Furnished by the National Cash Register Co.

Teble All

Agent Wall Material
CF2C1CFC12 Gelatin
CBrC?3 Gelatin (Pheno1ic)a
CBril, Polyvinylalcohol
2 (Phenalic)?
CBr, Gelatin (Phenolic)?
Tris (2,3-dibromopropyT)
phosphate Polyvinylalcohoi
Tris {2,3-dibromopropyl)
phosphate Gelatin
CFZBrCF”Br Polyvinylalcoho?
“ {Phenolic)?
CFzBrCFZBr Gelatin
CBr4 Gelatin
CI4 Gelatin
P-nitroaniling
Bisulfate Parlon S-20
Tris (2,3-dibromoprapyl)
phosphate Gelatin
'CHBrZCHBrz Gelatin
CHBrZCHBr2 Folyvinylalcohol
(Phenolic)d
CBr4 Gelatin
MQ(CQ)S
Mo(CO)6

%

Particle
"Agent Size -u
87 50-105
96 £3-177
81 €3-210
97 53-210
91 §3-210
91 63-210
89 63-297
a9 63-210
79 63-210
<4 63-210
38 44-149
67 €3-210

aSecondary wall material added to harden wall and reduce permeaiion.
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