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ABSTRACT 

H 
Me&sureaents of the radiant exposure (as a function of irradiance) required 

for the ignition of alpha-cellulose at coutrdled levels of bualdity and tor 
various radiant atsorptances shov that the influence of the aolsture ccntent 
and the absorptivity of the aaterlal on its ignition behavior can be accounted 
for by the appropriate Modification of the correlation moduli previously 
derived. TSie effects of aolsture content and absorptivity were noraalized by 
adding the heat capacity of the water to th^c of the dry cellulose and by 
Bultlplying both the radiant energy and irradiance values by the appropriate 
radiant absorptance. 

Data vere obtained for dark cellulosic sheet fuel in the relative huniuity 
range 10 to 67 percent and for sheet cellulose having a broad range of absorp- 
tance values. The data for £12 but the white cellulose correlate well to a 
single ignition behavior pattern. It is suggested that this ignition pattern 
is sufficiently general to be used to predict the ignition behavior of a 
broad class of kindlirg IMls« 

Lialted experiaentatlou with white cellulose indicates that for materials 
in the low range of absorptivity, the absorptance multiplier in the Irradiance 
modulus should be raised to a power less than unity (approaching a value of 
roughly one-half for white, highly diathermanous materials). 



SUMMAOT 

The Problem 

It is veil known that cellulose and cellulo&ic kindling fuels take up 
water frcm the surrounding air to an extent which depends on the relative 
humidity of the air. Prevlously it was not known, however, to what extent 
this water influences the ignition behavior of kindling fuels. The purpose 
of the experimental work reported here was to evaluate the influence of this 
sorbed water. 

Similarly, it is known that the darker S-lMling fuels ignite more readily 
thin lighter ones when exposed to thermal radiation- The magnitude of this 
effect, however, vas not known to any quantitative degree. For this reason 
the invertigation of the ignition of cellulose varying in color from black to 
white was included in this study. 

The Findings 

The moisture taken up by cellulose when exposed to air having relative 
humidities in the range 10 to 87 percent causes small, but measurable, 
increase in the radiant energy required to ignite the cellulose. TMs increase 
appears to be primanJy due to the heat capacity of the added moisture with 
little or no significant contribution from heats of desorption or vaporisation. 

The data for all but the dead-white cellulose correlated well to a single 
ignition behavior pattern based on the heat conduction equation. It Is 
believed that this pattern can be used to predict the ignition behavior of 
the bulk of th» kind]tng fuels encountered. 

lil 
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BecKground of Work 

During JT 195^/ ^h1? U. S. »aval Radiological Defetse Laboratory Initiated 
a program,entitled '"Hiemal Radiation Ooaiage to Celluloelc Materials," spon- 
sored by the Araed Forces Special Weapons Project with the primary objective 
to study the Influence of material properties and radiant energy exposure 
parameters on damage to thick (wood) and thin cellulosic materials and to 
study the meehanlsme of ignition of cellulosic materials by intense radiant 
energy. In FT 1955 a sub-tÄSk, entitled "Ignition by Thermal Radiation," had 
as its objective the study of the macroscopic ignition behavior of selected 
systems of materials when exposed to intense radiant energy and to ascertain 
the mechaalsms for the Ignition-combust!on processes. 

Authorlnation and Funding 

This work was authorized by the Armed Forces Special Weapons Project and 
was funded during Fy 195^ through FY 1956 by Allotment 12001/55 and 92009/56, 
FT 1957 by Allotment 9&OO9/56, FY 1958 by Allotment 99178/56, and during 
FY 1959 by Allotment 99178/59. 

Description of Work 

The ignition of cellulose and the products ol pyrolysis were 3tuiled 
during FY 1957 using the carbon arc radiant source, the Mitchell thermal source, 
and the chrooatographic equipment developed at this laboratory. Studies 
included:  (a) The influence of mate.Tlal properties and radiant energy exposure 
parameters on ignition by thin cellulosic materials  Parameters of concern 
were the irradlance-tlme characteristics of the thermal pulse, the optical 
properties, and the thickness and density of the material; (b) The mechanisms 
of Ignition of cellulosic materials of intense radiant energy. 

During FY 1958 and FY 1959 the program, "Ignition by Thermal Radiation/* 
was prosecuted by this laboratory, ubing the simulated nuclear weapon pulse of 
the Mitchell thermal fiource. Tbe  ignition behavior of alpha-cellulose materials 
was determined in the same manner as was done for constant Irradlance exposures. 
Particular Attentloo was given the alpha-cellulose since this material is repre- 
sentative of a broad class of ignltable materials. Variables included were 
density and thickness of material, simulated weapon yield and radiant power of 
the exposure. 'The data obtained were correlated in a ottimer similar to that used 
for the constant irradlance exposures. 

iv 



Obis report was prepared at the specific request of the sponsor, the Armed 
Forces Special Weapons Project, and constitutes the conclusion of the sttrtles 
outlined In part (a) above. The second phase, part (o), the ■schanlsa of 
Ignition of celluloslc materials of Intense radiant energy. Is currently under 
prosecutlun at this time. 

It Is hoped that information gained In these studies vlll lead to a better 
understanding of the Ignition process and vlll also result in the establishment 
of the best possible techniques for the testing of materials of Interest to the 
-various agencies of the Department of Defense. 

The authors wish to acknowledge the valuable assistance of Willard Pflueger, 
Captain, USA, «ho gave freely of his time aside from hie normal duties as AFSWP 
liaison officer to procure the many parts and items of equipment used and to 
fabricate the controlled humidity exposure chamber in time to allow the comple- 
tion of the experimental work on schedule. 

Thanks are also due William Neall of the Radiological Safety Branch, USHBDL, 
for making available the glove box used in the experiment. 
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DTTRODUCTIGV 

Tint Ignition btihavlor of .«»lluloclc ■»terlal* ha« be«n treated la ec 
drtall In prevlcAUi report« In thi* a«^!««.1*2    ^y the UM of * aodtl oellv- 
lose fuel whose ptqrsloai propertia« rmn b« chimed vltho-jt '■*>*"g1nfl it« 
cheMtoal co«vo«itlGo «od by tb« u«« ■ f « int« carrcln-Uoc t«cbnifue b««ed on 
the solution of the appropriate heat coctductiOD equation, a genexnlited Igni- 
tion behavior pattern va« realized which revealed the interactlr . between 
such physical properties of we anterlal aa density,  thlcJmess,  specific heat 
and conductivity and the paraaeters of expoetire, irradianoe aad total radiant 
expoexjre.1    This work va« «ubeequently extended in an investijation of the 
effect on the ignition behavior of cellulose exposed to the input pulse which 
i« typical of nuclear weapon air bursts.2 

Two paraueters of the celluloaic fuel, its ■olsture content and radiant 
(optical) abeorptance, ware purposely deferred to the last.    B»cause of the 
anticipated i^ortance of their influence and the difficulties expected in 
interpreting their internetiuu vlth the already OL«g>le» system, it «a« deeaed 
wise to atteagrt to wider«cand, as vsll a« possible, the ignition process while 
holding these two parameters fixed   and then to evaluate then in turn. 

This, the fourth and final part of the scries. Is a report of the experi- 
mental investigation of the influence of the aoisturs content and the radiant 
abeorptance en the ignition behavior of oelluloeic fcl^Mng fuel«. 

EXPERXMKNTA:. 

The theoretical basis for the choice of material and the geometry of 
exposuve a« veil a« the techniques of exposure and radiant power measurement, 
etc., have received adequate treatment in previouc reports, particularly in 
the second part of this series.1 
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Tbe Hain unique feature of this experlaMital study WM tb« UM of an 
exposure enrtroajaeut ha Yin« controlled conditions of ts^israturs and bunldlty. 
It was decided prior to dolnit the experlnent that It vould be aeoessazy to 
hold the temperature oonstaat to vlthla a imgr— and to be able tu obtain and 
hold several levels of hMldlty «v to about 90 percent relative hisd-dlty (RH) 
during the entire period of eaaple exposure. This uns acconpllshed by nodl- 
fylnfi a ihesdcal glove box to nake It an Intngral part of the source. I.e., the 
last lens of the optical systesi serred as a vlndov for the radiation In the 
exposure end of the box (see Pig. 1). Air of the proper tes^ernture antf mad- 
dlty «as fad Into the opposite end of the box at a rate sufficient to exchange 
the air and effectively carry avey the decoaposltloo-ccobustioo products but 
not so great as to cause drafts (A the sasple during exposure. To insure this, 
baffles were placed In appropriate positions la the boxt one at the air Inlet 
to divert and break up the air Inflow, sad a second above and behind the expo- 
sure plane to fore a fia»-hood chsaber (having an exhaust port at Its top) 
above the sample to cany off the snoke and decos^osltlon products as they 
«ere released. 

A portable sir-conditioning unit «as used as a source of dry air. Ifcr 
diverting the conditioned-air supply and causing It to recycle, the tauperature 
of the air could be lowered to about alnus ICPC. The air fed to the glove box 
«as dravn fron this cold air supply vlth a snail centrifugal blouer. TMs air 
«ben .'.sated to 15°? (2koc)  cotülstently provided a 10 percent relative hwddlty 
enid.rcKjaent. 

To get higher levels of hualdlty SOM • ' the recycling cold dry air «as 
allowed to escape to the rooai «hlle a ccsr^Xled snount of rooa air «as allowed 
to enter the stream to the glove box. For till higher hualdltles, steaa froa 
a steaa generator «as fed directly Into th- ry air streaa. Although It «as 
entirely possible to obtain controlled re: tlve hualdltles up to 100 percent, 
hualdltles above 90 percent RH «ere avoldeu b^japje of the tendency of cellu- 
lose to becoae «et, I.e., to take up aolsttm '.neverslbly to the «rtent that 
the fibers become saturated «1th liquid water. 9& this reason 8? percent RH 
was chosen as a convenient high favnldlty opemtinf level. In practice the 
cellulose sables «ere kept (for at least 12 hours before use) In desiccators 
whose humidities were controlled by asans of satursted salt solutions or sul- 
furlc add solutions. After envlronaentul conditions In the glove box had 
been brought to the desired operating values, the «aaples were transferred Into 
ehe glove box for final conditioning, usually 20 alnutes before conaenclng radiant 
theraal exposures. If <> at any tine during the preconditioning or final condi- 
tioning, the hualdlty had Inadvertently exceeded 90 percent there was then a 
distinct possibility that the material would have an erroneously high moisture 
content «Mch could very well persist through the experiment; consequently 
87 percent RH was the upper limit for all of the experimental work. 

Relative hualdltles were measured and continuously monitored throughout 
each experimental rur by means of a specially constructed dew-point hygrometer. 



APfHTuWC     • 
S*MPlt   HOlOt« 

• AM 

C4HB0N   ARC   SOURCE 
'ONS'AN'      TfMPfHAr 
BA'H     FQH     iPFRMlRE 

REClRC;jLATtNG    AIR 
' Hi    '   •■NER 

Fig. 1,  Exposure sypte^ with apparatus for controlling humidity, 
and temporature. 



urtvU ••MotUUjr of « 1/0 B 1/3 Udl «Uwr bar «Üb • hMt 
• feMt tlAJi •! UM c*h»r to provtAt * tkMwd frv^lant 

•t «u proTLil»^   7 th« r%dl«At momr^g from • Mall U^t 
la • attal tox vltt a «laViv •d>oaat to tovt aot ia oaatact «Itb 
of tha bar; tftla M^nt oT tto bar «a« h1afbana<1 to «doorb UM 

radiaUoo fro« tte bulb,    «a otfear «ad of U« bar tifiit oat tkrc*& UM 
of tba flov» boa «bar« it oould b« parti«ligr Jjawrvod la • batb of cold 

ir iry ioa-aoatoa« aLxtur« to act a« • boat «tab.    % Muylaf UM volta#> 
ll4bt bulb «ad tqr adjustlaf tba la««l of tb« «old batb, a ooatroZJad 

izatura fiadlaot oould b« prodaood aloof tb« l«o4tb of tba bar.    TJM apar«tlac 
. rratur« «M datandaad cbl«fior by tb« taapaiatur« of UM batb, but tb« tbaraal 

gradlaat oould b« variad fro« about l^ia. to «oaavhat hlfutr valuta ovar «pproad- 
aotaljr a tbra« tncb, blfbly Mii^t laaftb of tb« «Uvar bar.    lb opomtlon UM 
t«av«ratur« of UM bar «a« adju«tad «o tbat tb« aolotum oood«n««d oo UM lowr 
balf of tb« mUgfai rorfbo« «ad tb« "daw HIM" ooiacidar vltb UM loo«Uar of 
a UMraooovpl« ^tnctlon lab^Odttd MDOMT UM «urfac« of tb« bar.    la« r«r«r».nc« 
UMraocot^l« Junctioa *.a« looatad aaartgr la tb* opao air, «ad tba volta«« ilff«r- 
«Do« b«tw««o UM two jvBctloo« «a« fbd to a aderoroltarur.    Tbm, tba ' Qlta»t«r 
«ffactlvclor iodloatad tb« diff«mo« b«twaau tb« fii«iatur» of tb« dav point and 
tbat of tb« air.    Tb« TQlta#t raad froa tba Tolta»t«r «a« zalatad to tb* xalati't 
awldlty by « oallbimtlon frapb.    Thl« prooodur« p«nlttad a waxy diract aad 
coovaalant a*ao* of ccntlnuouily aooltorlnf tb« tsadd^ty durlaf UM «xp«rla*Dt*. 

To fbdlltat« handltni, tb« «a^O.«« war« out Into 1 1/2 inch by 1 3A Incb 
zactan«!«* and indlwldually aountad In bra** «bla-erocJi boldar«.    Stob holAer bad 
«n accuxataly-o«nt«x^«d 3A Inch dlaartor hcl* puncb«d tbiwfb It.    A wat«r-cool«d 
ap«rtur« with a «lotted guld« r«c«lv«d tb« holdora and autoantloally allfnad tbaa 
into tb« focal «pot* 

A prall at nary ««rl«* of «xposur«* wa* run -o coo^ar* this ■«tbod of •* :v 
«xpootua to tb« alower, nor« tadloo* natixod of jntrntlnf drciüar ««apj.e* Ir « 
p«riphend, throe-point «u«p«n«lon.    Vo slfolfloant difference/* in the if Ulon 
behavior for the two exposure aethod« cculd be found and it wa« concluded that 
the one wa* equally as valid as the other.    Besides cutting down the tioe lost 
between exposures, this new aethod of mounting the samples provided a large 
seasure of pre-axposure handling convenience wbere it was iMoeseary to go through 
the extra «taps involved in, anl the storage provisions required by, b'aald.t., 
pre-oonditioning. 

At one point about midway through the experiaent some doubt concerning the 
measurement of exposure durrition arose.    From the earliest use of square-wave 
shutters on the Mitchell source, the time of exposure has boon aeasured by aeans 
of two nicroswitches actuated by the opening and closing blades of the shutter. 
Previous measurements of the shape of the pulse made by recording the output of 
a photoelectric sensor with an oscillographic recorder revealed no particularly 
significant discrepancies between pulse duration and dock tioe (less than 0.02 
sec).    Ihis tine, however, there was found to be a difference of 0.05 to 0.0? sec. 

*. I 
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for ttm rwnlator of Uw vork « nhotoolootrle tlaor 4*tlfn«d to ■MSU-O th» 
pulw duration dlroetl/ mn tM«d ^nd «11 of th« oarllor ovnostir« dursMon mluos 
«or« c^rroetod ^ecordlngljr. 

lovola of humidity «or« uiMd for this study, lCt  X «nd ^7 noreont Rfl. 
A« In tho poat, for any flvoo irr^Mtnc« 1«Y«1 th« «rpoauro tia« for «n ignition 
•ffoet ^s found bf InerMainr tha tlna if tha ^rarioua ©rposura fill ad to 
limita tha Mapla, ind daeraaainf tha tlna If tha nrarloua «xpomira aueeaadati la 
■ rodiclnK «n limitlan, a^eh rjecanalTa stop balmr awtllar tMn tha nrarloua. 
Whan tha avpomira tlnaa for Ignition aara lonf anough, a nt^tlatlcal aaquanea 
an« anployad to amluata tha mrl^nca na aall • a tha r«%n  (aaa Anpandlx of 
rafaranea ?). 

HBULTS 

Tha rauultlng ignition data for tha thraa lav els of hualdity ara «hoan lx< 
raa fora In figa. 29  3- ^nd A  and ara cuaparad to tha prorloualy estiblishod 
ignition cirvea whan molatura aaa not controllad. flgura 2 ahowa the data taken 
at 10 oarcant RH, Fig, 3 at iO percent RH, and Fig, ^ at f*  percent RH, It is 
iwiediately artpnrant froa these figures that the effect of moisture on Ignition 
energy is amall and there is »eeraingly «\s much T»»i-i«tlon of the new data from the 
old regression curvea as there >kre consistent differences in values of ignition 
ene^   between lerels of hualdity. Moreorer, even the di^-a for the low humidity 
lie, in general, nbove the regression curvea which represent nominal humidity 
envlronnant (30 - 50 nercent RH). These discrepancies will bt discussed later 
(see Discussion of Results and Concluflior.uj, 

The moisture content of the materials used are listed in Table 1 for the tnree 
levels of humidity. 

Table 2  lists the ignition energy vnlues at three levels of irradiarco for 
the alpha-cellulose materials having various optical •ibsorptivities, Th^so 
materials are identical to those previously used with the exception of their 
onrbon-black content. The listed vnlues of carbon-black additive are in torms 
of the percent by weight (dry) added to the pulp prior to forming into sheets and 
are somewhat higher than the actual content of the finished material. The 
radiant absorptances given are estimated values for the spectral distributio:i of 
the source (approximating a 5500oK black body) basod on measured total hemi- 
spherical reflectances and transraittances in the visible region tad the r&ported 
near infrared absorptance characteristics of .jimilar cellulosic materials.^»^ 

It has been pointed out" that the heat capacity of cellulosic materials 
containing moisture is not equal to the sum of the heat capacities of the component 
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TABLE 1 

EBSCRIPTTOH OF EÄWC* CZLLtl^SE mTTBJM \JBED 

Paper 
cam         mill! 

Dene. ••• 
Nominal Tharmmi. 
Conducti Tltr»« 

Moisture content 
(% of dry velgbt) 

4050 0.012 5 C-62 1.9 2.3 3.8 U.9 

^091 0.017 7 C.64 2.0 2.3 3.8 11.5 

VÖ9; o.ce? 11 0.6? 2.1 2.3 3.8 11.2 

^095 c.054 21 O.67 if.a 2.4 4.0 11.1 

kC96 0.078 31 0.66 2.2 2.6 4.4 11.1 

5-4096 0.234 92 0.69 2.2 2.6 4.4 11.2 

♦ 2 l/2^ (dry weight basle) carbon blaoJt added to pulp prior to paper manufacture. 
Estimated abaoi^tance fox distributloti of Mitchell Source 1    ^.9^ 

** Specific heat capacity (dry) taken as 0.35 cal/deg/gm     "niejtinal conductivity 
if for material having nominal moisture content, 

••• Thickness and density are dry basis values 



XQlUnOI THRBSHOLD X CXLLXOfil HAVIÜC VASTUIG RADIAin ABBORPTTVinES 

Paper   ThlcJcne^a    Doxmtty 
(cm)       \m/mS) Eiergy Love-. 

V070 0,069 0.5% 2.5 

4069 O.0ß9 0.5% 

1*075 0.050 0.Ä 0.25 

ii068 0.C50 0.52 

c.9 F 19.36 5.32 
17 19.36 2.k2 
f ik.m 5.3^ 
T? ik.ek 3.22 
7 9.56 4.56 
C 2.11 8.09 

0.8 7 19.36 5.71 
TF 19.36 ;-c 
F IkJk 5.71 
Tf IkM 3.78 
F 9.5Ö 4.92 
G 2.11 8.81 

0.7 F 19.36 6.63 
TF 19.36 4.55 
y 14.6% 5.66 
TF l4.6i* 5 28 
F 9.56 6.65 
G 2.11 10.56 

0.1 f 19.36 H.62 
F u.ek *9.57 
F 9.5B 53.91 

* I- - Suatftlnfd flaml^j iJ^reaboli. 
G - Siwtalned gioviag tiu^sahold. 

TF -  (Tronoleut flaadüg) - Spor.taaöoua flamipg thr"3sJioid. 
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iub^tfluDO««, but «XOM<U this by «n •aouot which depends on the beet« of 
•baorptlco or desorptioo of «tier vmpor.    Thle "elrmtlaB of the «pedflc heei" 
of oelluloalc «ttbatencef la ten» of the aoirtare eootent end te^emtux« tee 
been derived6 fro« the vork of Steai end Lo*q£iborot^h' on the theraodynealc« 
of the sveilin^ of wood by »olrture, fro« the m —Ü of Stltt mod Kennedy^3 

an the «pedflc beet of dehydmted vegetables at raxloua Molature content«, and 
theraal data of Khts? for cotton and VOCK?      lho«^i there 1« ahovn to be a definite 
Increase in beat capacity over the component «UB for a aaterlal undergoing rapid 
heating fro« aahlent to It« ignition temperature. It appear« quite unlUely that 
at any point this lnorea«e »111 er.ceed 0.0? oal deg"1 prl (dzy baal«) for 
«aierlal« having «olstur«? content of 12 percent or less.    Coagiared to the mm 
of the specific heats of ths dry «serial and the sorted water, 0.3^ to 0.3? oal 
deg"1 er1 for the alpha-cellulose j«ed in this study» this «leratlon appoer« to 
be rather ««ail.    Tor the purpose of correlating the experlasntal data obtalued 
Is this Investigation, any atteapt to coagwnaatc for the elevation of the «ped- 
flc beat (because of It« relatively ««all effect and because of the tmther large 
uncertainty of It« actual value) bad been purpoaely avoided.    It 1« l^>ortant to 
keep tbl« factor In atnd. borever, «Ince it« leportance vlU be reflected in the 
lack of correlation, If any, of the data. 

The correlation technique used In the earlier vork1 «ade use of a plot of 
an energy aodulus Q/ocL* versus the Courier Modulus crtß/l/2.    Ooaddnatlon cf these 
moduli  results In a third «odulu«, the 1Jradiance «odulu« HI./K.    Though neither 
O/ocL or HL/lC 1« dlaenslonle««, their use 1« noe generally preferred because of 
the ease of Interpretation of their correlation plot«. 

In atteofptlng to correlate date taken vlth aaterlal« having different aols- 
ture content« and radiant «baorptlvltlee, the most natural approach is to aodlfy 
the correlating paraoeters In such a way as to ccsqpenaate gfcr the superficially 
apparent effect« these factors have on the system and It« Infraction with the 
radiation. 

70r exaaple, «Ince by definition the abaozptance 

* ■ 5j.-       or       ^b8 » afl 

and correspondingly 

Qaba ■ *Q 

It 1« reasonable to multiply both «»dull by the absorptanoe values of the 
material« under Investigation. It has already been raentlooed that, to a first 
approximation at least, the thexwal capacity of the nolst aaterlal will be greater 

* See Glo««ary of Tern«. 
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than ttaat of th« dry aRterUI by tte teat capacity of tba «Ur cootalaad. 
AcconUa^ly UM «narfy aodulua aay ba axpraa«ad la tana of tha tharaal propar- 
tlaa of UM dry rml and It« Boiatur» coctant, 

^ Sa 5-- 1 tha «Ddlflad onaiiy aodnliM. (1) 

»toliture iftmid appaar to taa^a a tacfold affect on UM Irzmdlaaoa aodulua. 
UM flrtt la a dM&fa In UM tharaal ocaductlvltgr.    AM ocnductinty of oalluloalc 
■atarlala is known to ba a fMneUoo of UM danaity of UM «atarial.    9a\»rlC ba« 
co^tilad oooductlvlty data for varicxu» oalluloalc aatarlala In ahaat foni taarlnc 
aolstxire oootanta In UM raof« 0-8 paroant abd abumi UMt UM valuas «tMn 
plotted against danelty fall quite doaely alone * eaootn cur*«.    SM portion 
of UM curve lyln« betvan danaity values of 0.$ and 1.0 pi af* is ejeprsssed 
adequately vail by 

K - ik.6o - 0.75) x icr* (2) 

The second effect of aoisture en UM irradlance aodttltt« is Invoirrd in the 
svallina of the aatarlal.    For soae tias after ■aaufacture the alpha« cellulose 
aaterial eaMbited a gradual change in thickness probably due to the ralaxhtion 
of '«•Hvreaaed fibers.    Distinct fro« this is a ravarsibla svalliac «hlblted by 
ttc   «terial on the      sorption of aoisture.    Olaansional changes can be repre- 
Mated  iv an «aplrical expression of the type 

L - 1^ (1 ^ aa)0) (3) 

'One:  svelliOt      sheet form aaterial is predoednataly in one direction, 
the thickness d£i    • OMckness aeastcreaents «are a&de of the aaterials used, 
txrth at contr;!!1     ;s of humidity and «ben oven dry. These detenlnatioxrs 
indicated thst tl   «#• of B in the swelling relationship is very close to one 
and has subsequently >een Ignored, neglecting the other «asll dlaenslonal changes, 
we asy write 

and for the aodlfled irradlance modulus 

w   a H Lo(l + aPo) f£\ 
* - K, ; m x iVr»r W) 
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•Ip^r.fle«!!«! of thm l-r^-iltn©« rodulus e»»n b* rrie trt«r ecn-ld*»rlnc 
tW mpnltjde of ehnnrvs In eond-ic» ivlty d'» to !v»jj:».ur« rorttent«    Pro"   • 
(5) th» «IculntoU r^lu« of tnsrwil conH ictlrlly for Ihm dry mt«rlil  (n.-surlr.p 
P0      0,7)  is    ,/.7 x 10"^ •'nd for wit«rlil eorMlr.lnK ||   r»*w>nt -o'   tur« it 
.' | t IflT* tnl ft« derT1 c»*2 3«c-l,    lor-»ov.r, the »wellln • «ees th« 

thieknoafl •^»^»"»•ter nnd thi« cor^onaatos for th« IncrO'f« In '•ondictirlty.    Orar 
nil, th« lrri!l-»nc«     dulu« «xhlhitn % 4 percent ehtr ?• for r .7 «pi e«"5 mtorlAl 
tekiag w 12 n«rc«nt nolrtur«,    Thorefora,  If norliftl  (tf norcont RH) vnlubs of 
th« thleknesM nnd thamnl con   ictlvity tr« uned, ** error of,    • • ,        ercent 
!• likely. 

DIJCUSSION OF RESULTS kW CONCLUSIONS 

Correlation plot? of the « ■ 1 Vil  nt,i ire presented la Fipr.  S, 6|  7, 
and '■,.    The curve which «ccorr.panlefl theoe d-^tn is not the centml  tendency of 
these data but tfiat of the ruch nor« extenfllve dntn taken r)rovlou''ly   -hen nc 
nttennt wan nnde to control h-nniclity or ambient toiler'-turr,  i'-.,  ^iiilllbriiDn 
mointure content 5*1 percent  (10 - 50 percent RH)  -md nnbiont (   1 peratvt 
300 * ^50K»    In addition to applying the corrections for nclsturc  is indicited 
in the correlation noduli,  the shutter tininp error WMS TIEO taken ir.tc teeoUDt« 
Assuming all of the s-jUnre-vnve crpcsure tire  interv Is mearurea  in the  ptwwioVM 
exporincntal ntudy ?/ere  in  error  by the ancmt  indicnted during  the    -rer.ent 
stixiy (r;ee Sxoerirnontal),   two  ocrr-jctionn «ould have to be applied to the old 
data.    The first and r.or>t obvicis  is a correction cf all«fXMUre tiner.    Thc^h 
in the main a 0,05 r;ocond correctio;. is negligible, for the reletiTelj fow cases 
where ignition nhenonena result In a  frictlor. of ■ aaoood  (anontaoaoua  ifr-ition 
threshold for all materials nnd L-astnined ignition for the very thin materials), 
even such a  smaH   correction has a  orofojnü  ^nfJuencö,    It vns gratifying to 
discover that the previously inexplicable lack of c orrel^.tion for the 2t L,  ^nd 
6 mil mnteriai  (see reference 1)  is rectified  by applying this correction. 

The second correction stens fron the fact thit the daternin^tion of the 
Irtadi'ince   leval involves  the neasurenent of the energy received by a oaloriaatai 
during a  a ^aare-'-nve exposure inter/nl genefally 0.5,  1.0, or 2,0 seconds 
dsciendlng u^-on the magnitude of the irridiance level.    Correspondingly,  thon, 
the timinc error intrix3>jced a  10,   5, or 2-1/2  nercent error into the noanrjener.t 
of Irrndnnce and a similar error in the calf- lated radiant exposure value. 

Ail of these corrections were applied and the resulting curve  (show.,  in the 
figures)   Is the best estimate of the control tendency cf all of the previous 
square-wave ignition data. 
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For description of materials see Table 1, 
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With the except loo of tite dat« for the paje «h^te celluloee, «11 of UM 
txperlaer.telly determined point« fMl quit« "Zo—ly «round UM  curve;  «ad It 
can be concluded UMt for relative hualdities in UM rfta#i 10 to 67 percent 
«ad for radleat «b«orptaacet above 0.66 («pproxla«t«ljf  "dove" fr«y), UM Igni- 
tion bebevior of «Ipb«-celluloee it described by the correletion pattern 
previously derived by si^ly correcting for the beat capacity of Uie ■clsture 
contained and by Multiplying both the energy and Irradlance values by the 
radiant «baorptance of the aaterial for the source of r«dl«ti.on.    Jtoreover,  It 
Is suggested th«t this Ignition behevior pettem Is sufficiently general th«t 
It can be uaed to predict the behavior of a broad class of kindling fuels. 
Moisture content «e « function of rel«tlve htaddtty has been determined for « 
number of cellulosic asterlals^»?'11 «nd r*di«nt «bsorptlvltles of typical 
kindling fuels both «s a function of wavelength «nd for specified radiation 
sources «re to be found in the llter«ture.**5#12    fyraa et «1° list atsorptl- 
vltles of co—nr forest fuels for a spectral distribution equivalent to a 
lOjOOO^K black body radiating through 2,000 yards of Donssi atmosphere. 
Included are materials whose visual appearances range fror dark brown to "straw 
colored."    Reported «bsorptlvltles range from kS to 63 percent.    Ityrne «nd 
Schilling1* list radiant absorptances of Interior fuels for 260&>K. and ÖOOO^K 
black bodies.    Shredded newspaper, one form of the most coamon Interior and 
transient exterior fuels in habltated areas, mas reported to nave absorptances 
of 0.54 «nd 0.55 for the low and high tesroerature sources,  respectively.    A 
cursory examination of the llteratur«? reporting on ti-anoient exterior and 
interior fuel surveys of urban areas reveals that the predominant forms are 
those having intenaedlate vaii, s of optical absorptivitles, i.e., ^0 to 75 
percent. 

For those materials whose absorptivliles are in the lower range, a t^lgbtly 
different choice of correlation parsuneter groupings might be resorted to. 
Slmms1^ has noted that the absorptivity of a aaterial affects the irradlance 
level for Ignition less than the total radiant exposure.    He points out that a 
nmterlal of low absorptivity abnorbs little of the Incident radlatlo.i unt^l 
charring begins, when itc absorptivity and therefore the energy absorbed increases 
rapidly.    Assuming that charring and the endeslon of volatile«; occur at about 
the same temperature and thus that little loss of voJatiles occurs before 
charring, he suggests that there Is lltiile d.fferenee in behavior between 
blackened and unblackened material.    Our experlmantol observations generally 
support this view.    White alpha-cellulose consistently Ignited with flames at 
irradlance levels too low to agree with flanB'sg i^iltlon data for materi&is of 
greater absorptlvlties.    Ifcls indicates a need for an exponent with * value lecn 
than unity on the absorptivity tens of the irrtul5«ti«e modulus. 

To Illustrate this point, the data for the amterials having different opti- 
cal absorptances are replotted in Fig. 9 using lb« square root of   he absorptancc 
in the irradlance modulus.    UM correlation of the white material is considerably 
improved though there la some lack of correlation introduced Into the other data 
as a result.    It appears that the val'je of the ixponent applied to the absorptance 
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la UM ImdlAace aodulu« Is Bom fUDCtlan of tbe abtorptacc« appro*"iiin« ualty 
vltta blacker, «ore opaqu« ■at«rUls.    For all practlcaJ purpoae«,  bovever,  alnc« 
■oat «at«rials have abaorpUvltla« of 50 p«ro«t or «ere, th« corralaUoo curves 
baaed oo 

% * ST 

and 

% -  (^) ncttlnal 

adequately describe their Ignition behavior.    To estlaate the type of Ignition 
to be expected for the lighter materials, one can resort to the use of 

aD HL 
—K—' nil 

the value of n to be estimated fron the appearance of the material. 

Approved by: 

A. Cuthrle, Head 
Nucleonics Division 

For the Scientific Director 
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radiant abaerptanoe 
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specific beat capacity 

radiant power, Irradlance 

tMcknetf dlaenslon 

■olsture cociteax {% of dry weigh I; 

(iwed as a sub^.;rlpt) refer« to dry 
basis value» 

radiant energy, radl.v t eig^osure 

(used as subscript) refer» tc ccmcttant 
Irradlance (square-wave) exposure 

exposure duration 

(used as subecrlpt) refers to ligxli ^0 

thermal dlffusivlty (a • K/Pc) 

thenoal conductlvltr/ 

density 

Ifclts (c.f.s.) 

dlaanslonless 

c*l daf"1 i'1 

cal cm'^  sec"1 

dlaenslonless 

cal ca" 

sec 

ca£ sec'1 

cal cm ca"2 sec-1 deg' ^ 

g cm r3 
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U.  S.   HAUL H1JI0LCWICAL DEHDISZ LABORATORY 
aAji nuiicisco 2^, oiUPORinA 

UM 

l 

froai    Coaaandiof Officer And Director 
Tot DeperUMOt of D«fen»« Af«nele« on Distribution Ll»t for Report 

Subji    0.8.  Herml  Radlolofloel Oefenee Uboratory Report 'JSNRDL-TR-295; 
forwerdln« of 

Enclt     (1)  U.S.   Mevtl Rediologioei Defense Uboretory Report ÜSNRDL-TR-295 
(AfS»?-1117)  entitled "Therael Radiation Damage to CeUuloalc 
Material».     Fart IV.    Influence of the Moisture Content and the 
Radiant Abaorptlrlty of CeUuloalc Materials on their Ignition 
BehaTler" bj S.  Martin, I.A.  Lincoln and R.H.  Raaated. 

1.    Bnclosur« (1) ia forwarded for your retention. 

2.    Subject report, USRRDL-TB-295, is Fart IV of a four-part series and 
■arks the completion of the  first phase of the sorkt     "The Influence of 
Material Froperties and Radiant Energy Exposure Parameters on Ignition 
of Thin Celluloalc Materials.*'    This work was prosecuted under the spon- 
sorship of your headquarters and is currently listed In the ÜSNRDL FT59 
Technical Frogram Document as Frogram A^,   Froblem 13. 

3*    Although this publication marks the termination of scientific investi- 
gation into the influences of certain parameters on ignition of thin oellu- 
loslc materials, a further publication is contemplated to present the 
information published In all four parts.    This sumaary report will present 
the information with emphasis on its application to connon problems. 

i.    Currently the scientific investigation has turned to the second phase 
of the problem,   "The Mechanism of Ignition of Celluloalc Materials by 
Intense Radiant Qiergyr 

FAUL C.   TOMPKUfS 
By direction 
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NOTICB:   WHEN GOVERNMENT OR OTHER DR* ** *<TR, SPECIFICATIONS OR OTFEH DATA 
ARE USED FOR ANY PURPOSE OTHER THAN IN CONKZCTION WTTV A V." ^NITELY RELATED 
GOVERNMENT PROCUREMENT OPERATION, THE U. S, GOVERNMEKT THEREBY INCURS 
NO RBSPONSIBILTTY, NOR ANY OBUOATION WB^ttSMfSM; ^KI5 THE FACT THAT THE 
GOVERNMENT MAY HAVE FORMULATED, FURNIOSED, OR IN AN¥ WAY dIIPPU£D THE 
SAID DRAWINGS, SPECIFICATIONS, OR OTHER DAI   iS NOT TO BE REGARDED BY 
IMPLICATION OR OTHERWISE AS IN ANT MANNER ULENSING THE 00191111 OR ANY OTHER 
PERSON OR CORPORATION, OR CONVEYING ANY RlO^f S OR PFttAOSSiON TO MANUFACTURE, 
USB OR SELL ANY PATENTED INVENTION THAT MAY 0« ANY WAY BE RELATED THERETO. 


