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Report Mo. 1^2/9 
fatertovn Arsenal April 14, 19.^7, 

Dr, J, GrawEord, Jr. Gapt, ORD, Dept, 

The purpose of this report is to point out the 

apolioability of pbotograohio and speotrographio studies 

of powder as flaaes in th^ apuroaoh of sone problees 

of interior ballistios, and to present a oro^raa of 

exoeriaental work based upon theee aethods. 

maeiUL 
The report oontains a surrey of sone r^oent renearoh 

?ork on Internal ooabuaion engines, photoaenaitised reaotions 

and high tenperature high pressure catalytic reaotions.  The 

tneoretioal aspect of tne lag of the total radiation field 

behind the tue mo dynamic temperature of the products of 

combustion and Its relationship to the initiation of shook 

vaves is disouseed briefly.  A program is pressated auggeat- 

ing photographic and speotrographic aetnods for obtaining 

Information concerning linear burning rate, total radiation, 

transient and unstable oroduots of combustion, teaperature, 

accelerated eroalon tests and the photo-sensltitation and 

oontrol of aooslsrated burning,  aibllography appended. 

rtTSTRIBUTlON STATEMENT A 
Appioved iot public ielea»ej 

Distribution Unlimited 



Th« success of photographic an<? npectrographio 

setnods In the study of transient phenoaena In the burn- 

ing, exoloslon and detonation of fuels In Internal ooabustlon 

engines leads to the eonriotion that these methods have a 

wide applicability« in the study of problems of interior 

ballistic« snd the levelopaent and iaprovement of procellant 

•xploaiT««.  In the light of theories of modem physios 

and with the rich background of developments in other fields 

treaendous advances should be possible at this tlae. 

A surrey of recent experla^ntsl »"ork paralleled in 

nature to that outlined herein leads through a vast store 

of literature on photosensitized reaotiona, catalytic 

reactions ail explosive fuel«.  Particular attention has 

been given to treatises dealing with the transition froa 

explosion ourning to detonation conditions as evidenced 

by "knook* in internal coabustion engines and the so-called 

shook waves developed in guns fired with high loading 

density and fast burning powdars.  By high speed photography 

the detonation zones have beaa located and by speetroscopy 

I. (a) Vithrow and 3oyd. Ind. Sng. Chea. kay 1991 
<b) Rassweiler and Uthrow, Ind. Sng. Chem. June 1P36 
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dlfferencQ?  between exploalon and detonation burning 

oondltlons hare  been IsolateA    In,   (1)  radiation dla- 

trltoutlon over tbe period of burning;   (9)  concentration 

of Co»   Clp  GH(   OH and other radioale  and unstable ooa- 

pounda  In flame front« and combustion products;   (?)  pre- 

flaue  formation of aldehydes and unstable peroxides 

under detonation conditions;   (4)   effect of the addition 

of detonation induoere and Inhlblters on the above 

mentioned obeerratlons.    A soeotrograohlc method for 

transient  flame  oyrometry has been deTeloued,  for which 
2 

extreme aecuracy is claimed . 

These studies hawe l»;clu«1ed  the numerous  theories 

of detonation and detonation inhibitors and hare lead 

to a  thorough Investigation of the recently dewelopcd 

thermo-physioal theory .     Jly bringing together the 

experimental erldence collected through means indicated 

1. 

2' ! 

Clark and Thee, Ind. Kng. Chen, IB (193«) PÖ38 
Clark and Henne, Journal i.A. ^ 30 (19S7) P364 
Mclschert - Tlicels, Mace. Inat. Tech. 1936 
Aacewciler and Jithrow, Xnd. ing. Chem. May 19^3 
Hmccwciler and fithrow, Ind. Eng. Chem. Aug. 1985 
Haccmciler and fithro«, Ind. Eng. Chem. De«. 1998 
Raeevciler and tlthrow, Ind. Eng. Chem. Dec. 1984 
Huark and Urej, Atoms,Molloules and Quanta PS14 
Locals and Ferrott, Ind. Eng. Chen. 30 (1938) .1004 
Colliard, Ord. Oept. Reference Library B-9496 
Bemenoff, Z Phyaik 46 (1937) ?109. 



above and some recent derelopaents  In theoretical  and 

applied    nyelcs  it  1* potsible  to  extend and amplify 

the hyootheset  of Golllard  and  at  the  sane tiae remove 

some  of   tue  inoonalstenoles  existing between the eev^rel 

theories oonoerning detonation Inhibitors. 

It  is  suggested that  the gas  kinetic  energy of  the 

products  of  oonoustlon lags  the  radiant energy  field 

of the  explosion system and that under very rapid burning 

oondltions   the  lag  is  auffioient   to  cause a material 

deviation fro« the  Van der   vaal  equation; 

(P  ♦ j; )   (V - b)   - RT. 

The Van der Waal equation assumes equilibrium between 

the th^rmodynaalo temperature of the system and Its radiant 

field.  Tnis equilibrium can never be attained in the 

transient reactions vhioh transuire in an internal oombus- 

tion engine or gun. The more rapid the rate of burning 

the further frcss equilibrium will conditions be.  To 

account for thie lag the equation must be written:- 

(F > -ig—) (? - b) • »T - gg,. -Jr (^T'M? ] 
where £_ is the radiant energy distribution of the total 

1.  3orn - Atomic Physios - P30. 
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~u1d 111 •rlo •s1 , • ._Doasld. Jour.Cb... o . l~',8-pl. 
(b) r1.tawa, a...4lel aad aeor . Jour. Ch • rla7 1es, 
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with highly exolted moleoular product«  of oonbugtlon , 

resulting In llnenr burning ratet or dlaeoolntlon approach« 

Ing or reaching detonation Telocity.     9uch phenomena, 

rather than  delayed Ignition,  account  for shook varee 
2 

under quick  burning condltlone .     The oeolllatory shock 

wares  In Internal combustion engines  are known to be 

accompanied by an oaolllatory radiation omission— 

absorption phenomenon of oomparable  frequency .    Hence 

It le not anrcaeonable to conclude  that  the true nature 

of th4 oaolllatory wave Is uhyslo-ohemleal between a 

state of high dissoelatlon-^adlatlon emission and a 

state of reooabinatlOB-radiatlon absorptioa.     A oerlodlc 

rereraal of the water gas reaction  following the original 

detonation  sftoc* would account for obserwed pressure and 

radiation changes and considerable  speetrographle and 

photographic evidence can be brought to prove that this 

Is precisely what occurs In the case of Internal oombue- 

tlon engine  detonation*. 

1. (a)   «m.   Mi—lag - Df composition of Nitrous Oxids 
sensitized by mercury wapor -Thesis,  Dr.  Fhllosophy 
Brown Unlw.  1933. 

(b)  ieaeaoff,   Zelts fur physlk 40  (1927)  109. 
2. Fourth martial Heport • Interior Bmllistlc Firings- 

Aberdeen P.   a.  1929 - D46. 
3. The Physical Affects of Detonation is a Closed Cylin- 

drical Chamber,  C.S.Draper -N.A.C.A.  Reoort No. 493 
nthrov and Boyd, Ind.  * Ing.  Siem.  May 1931 
Kasswell-r and  flthrow,  Ind.   Eng.  Chem.  May 1939 

4.   (a) 
(b) 



Bj studying th« action of ■etallio photOfensltizlnc 

agents und netallo^organle detonation Inhibitor« and 

comparing the nature of  their ealselon spectra and reson- 

ant energy states    a theory 1B deTeloped   -hich explains 

the action of each and  establlshee  a ^eflnltp   Inter- 

relation.     This  theory.   If It can  be erperlaentally 

proven,   prOTliee  an  efficient «ethod  for  transforming 

high frequency  radiation  to low-r  frequency radiation 

or ga« kinetic  energy  %nl  thur  Inhibiting threshold 
p 

conditions  for photo-sensitized reactions'. 

Although beyond  the eoope of  this  paper the hypotheses 

set  forth aboTe are  subject to rigorous   statistical  treat- 

nent.     In literature citedy  Clark and Henne,? Hassesller 

and   > 1 throw ,  and a«ll    have prored the applicability of 

tne  speetrograph In studying the   *ater gas reaction in 

transient nigh pressure  flaues and   afterglows.     Rassveller 

and   Tithrow conclude  that the usual  forisulatlon of the 

water gas  equllibriiia Hp ♦ 00g^~^  ^0 ♦ CO is  inooaplete 

at the  teac ratura  dealt with la internal ooabustloa 

ohanbers.    Thay quote  Bari in suggesting  "that this 

1.  Int.  tirlt.   Tables.  Vol.  6. 
3,   Ouchane -  Contribution to the Study   of  Normal 

Burning In Oaseou« Carbureted Mixtures:  Part  II. 
i.A.O.A. Tech Maao «o. MS (1950) 

3. Journal 9.A. I. 30 (1937) p 264 
4. Ind. and iwng. AM. May 1998. 
5. Pro«. Royal So«. 1894 (1957). 
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equlllbrlum can b~ f ormulated equ&ll7 well ln the 

follo,. i ng ''19.-J, wh1oh shows the oba1n meohanlsm tor 

the combus tion or hydrogen and carbon monoxide:-

co -tOH • 002 + B 

H ... oa aOH + 0 

0 "' H9 • Oii "'H .... 

Bee1deg these reactions, the t h r mal d~composi t1 on of 

water probablJ oocurs at high tempera tures existing in 

the gaees which emit the afterglow. Bouhoetf er and 

Re1obar4t to~•te this in the tollo~1ng wa7: 

a
1
o ~ 2<J1 ... H

2
11 

fheee types or oha1n and d1esocia t1on reactions a re 

kr.own t o b~ extre~el7 sensitive to photo-act1Ta t1on bJ 

inelastic collision w1th excited gRees1 • 

Based upon these studies the following ~Jtllne of 

a rese~rch program is p oposed: • 

1 . I nvestigat e th eenslt1T1ty of standard 

o~der to lreot 1rradlat1oD b7 an ultra 

violet field ot high energ7 dens ity ot all 

• wave l engths down t o lSOOA. It i s T r7 

probable tbat oertaln frequency bands will 

cau~ e spontaneous ignition ~nd possible 

detonation at teMperatures below tbe 

1. Baark and UNJ. AtOlls, lloleoulea and Quanta. p508-509 

-



norme 1 Ignition point.  Both nitrous oxid» and nitric 

oxide are suoject to ohoto-ohemleal dlpsool^tlon by 

ultra violet irrallatlon In the r^lon b€twe«n W«T« 

lengths 1800 A and r>000 A i. 

9, InTestigate the poasible Dhotoaenaltltation of 

-*rnltlon or detonation of standard poTders by ''oollislons 

of the second klnd*^ with cool mercury Taoor thrown Into 

the ware length ?6^7 X resonant state by Irradiation with 

a mercury arc.  The electron roltage of this mercury 

resonant state oorresponds almost exactly to the heat of 

dissociation of hydrogen and alao to ^n oxygen vlbrptlonal 

atats of unusual actinic power .  It 1? used in many 

organic llssociation oroceasee, for the Initiation and 

propag^tlcn of chain reactions and for sensitising ooabue- 
4 

tion under otherwise yrohibitlTe eondltlonf .  It if a 

nore overful sensltirer than direct irradiation.  Mercury 

vapor in this case becomes -»n indlacensable tool of 

research in that it can be eriited to establiah an inelaitic 

collision and radiation system of high energy density in 

the ultra violet photo~oheaieal tone without raising its 

1. MacDonald - Jour. Ohea. 3oc. (1928) pi. 
■3, Raark and Urey • Atcas, Mclemlee and cfeuuita F489-915 
5. Raark and Urey - Atome,    *     '   *   P ^98. 
4. Sneleue and Stewart, Sffect of M-ht on the Ignition 

of aionoeilane * Oxygen Mixtures - Tran&. Faraday 3oc.( 
No. 187 (1988). 



tnenaodynsmlc temperature to the ignition point of 

the  sutject material, 

7.     If poaitlre results are obtained in either of 

the above experiments  investigate the  tendency of un- 

stable metallo-organio ooapounds to Inhibit or induce 

the phenoaenon.     Coapounds of metals  In  the ?aae period 

as mercury  such  as thallium,   lead and bismuth should 

be used.    The action  of oombustible organics of high 

quadrupola moment  and of heavy halogens Tith considerable 

molecular absorption bands between vare lengths 1800 A 

and 3?00 A should be inTestigated.    The  action of  these 

three types  of operators  in inhibiting; detonation  is 

not  identical  .     In going to high pressure conditions 
o 

con?iderstion must be Iren to pressure hrosaening of 

resonant states.  Bismuth with two strong resonant states 

corresoonding to wawe lengths 3897 A and 39ST A may be 

an efficient operator.  Ipatieff points out that the 

catalytic activity of metallic elements is related to 

their position in ths periodic table and it seems that 

oonsideration muiit also be given to their atomic resonant 

energy states, which is in agreement with the MeLewia 

1. Clark and Henne, Journal 8.A.I. ?0 (1927) p 264 
2. White.  Introduction to Atomic 3peo\^ p 4SI. 
3. Ipatieff - Catalytic Reactions at High Pressure 

and Temperature pSOS-OSO. 

-10- 



theory of catalysis  of   -nicr; he aaeribes ccnslderable 

credit. 

4.     3y neano)  of absorption  and Raauui  spectra 

determine tne vlbrational energy states and deooapo^ltion 

produeti of  standard powd«rs as thev are brought slowly 

to the temps.'ature of spontaneous ignition.    Sxperinents 

of thi^ nature shouli be the source of considerable 

infomatlon conoernln.? the cheaistry and meohanies  of 

burning. 

9.     Derelop  «prouTettes vith optical windows  to 

withstand pressures up to limiting practical Talues  for 

:1HS?,   fluorlte,   quarts and quarts-ice coaibinations. 
1 

3ell    reports the use of dlrset quartz window? with 

explosion pressures as high as 500 ataospheres  but vas 

troubled with surf»oe oraoks.     The use of 45* reflecting 

„risas well supported and with only a small portion of 

their surface under pressure is recoanended.     los has 

about the same  transparency to ultra wiolet radiation at 

quartt and the combination of  the two frotsn into  stain- 

less  steel mirror adapters appears proaiaing,     •Lueite-, 

a recently deweloped optical plastic fro« the DuFoftt 

Laboratoriss should bo thoroughly inwestigated. 

1.     dpeotrographio  Stadias of the Kxplonlwe 
Combustion of Methaae.  Proe.  Royal 3oe.  Jan.  19S7. 

-II- 



ü.     By hl^h BpePd photography  rtetw'TBlrn»  the llnBur 

rat<?  of burning of  9»okel«i9  powder  In « eloeed chamber, 

nnd  looete   zone  of  origin  (.f  shock   v^vea.       In the powtr 

law      M    » CP11  the   v»lue for  *he  exponential  oonatant n 

Is   taken all tne way fro« lee?   than  .5 iv^ 1,5  .     To limit- 

ing  jresaurea of optical  winiows  thli \ »iue   oan  be det^r- 

lained photographically.     By using  i  quartz   Ry^tera  and 

Irradiating the coabustlon chamber with th« ultra rlolet 

source  of  a hot quarti mercury  arc,   then filtering the 

light  before photograohing to  shut  off all   frequenolea 

abore  tne loweat  frequency raii«tei by th«  burning rowder 

It  ahould be oosaible to  determine  by hi-n sceed motion 

-lotures  the prooeee of burning of all tyo»?  of granulation. 

UeinK  a solid quartf cylinder head,  morlng pieturee of 

Internal combustion engine  flamet hare been  ta^en at the 

rate  of ftOOO per  second  .     Satisfactory filtert oan be 

-re .arod . 

7.     Ualng quartz optical  syetei to limiting preeeurea 

determine  by epeotroacopy  the  radiation distribution, 

ultra rlolet shut off frequency,  interaediate produote 

of combustloa wnloh can  be ieolated in flame  front apeotra, 

1.   (a)  Tsohappat - Ordnance A tannery 
(b)  Project  for « new table for Interior Balllstloe. 

jederlck - Aberdeen Prowing around 19SO. 
?.   Aaaeweller «ad fflthro« - High Speed Motion Pictures 

of engine Flaaee - Ind.   Eng.   Cham.   38  (1936)  p 679. 
3.  food - Physloal Option,  p 14-15 

-1«- 



iftergiaw r^iiatlon distribution  and   all  final  p'vHufttf 

^f oonbttstlüii wnloh o&n  be  liol^ted  In  sneetra.     If poi^lble 

isolate   iiff^rencee  between  exDloslon burning with eaootll 

pressure  ourve  and explosioa-deton^tlon   ^urnln^' with  shook 

wave  indications in uresaurp ourwe.     Correlate  absorption 

frequencies  of powder HS  it  auproaohee  its  ignition rolnt 

•ith  the  iiatrlbutlon  of  its  rauiatlon  field unOer the 

above-aentioned oonlltiong.     itudy the  effect of aet^llo- 

orgaalc  additions  on  the depression  of the ultra violet 

field  ,   over the  ran^e   vhloh mih-ht  be   exceotei  to  exercise 

ahot0-9ensltizing influence on ponder molecules   ap roirjhlng 

tneiP   Ignition point.     Correlate  tlrae»pr«B'ure  curve   vlth 

radiation distrilmtioa in all studies.     In connection with 

tnls  work an ultra  sensitive "~~" iniloiter  shoul'5  be 
dt 

develooed  for the study of  shook wav^s.    An instrument of 

this  linl  -.aa   leveloped at Aiass.   Inet.   of Tech.,   for use  oa 
2 

Internal   aombustion engines     • 

3.     Extend the sueotro^raunio method for transient 

flame pyroaetry    employe 1 on internal conbustlon enginat 

/ 

1.  Duohene. Part II K.A.C.A« Teoh. -e-no No. MS (19S0) 
9.  Draper. M.A.O.A.  Raport No. 499 (1994) 

Looais and Parrott.  Ind. ♦ Sng, Chem, ^0 fl^S) 
p 1004. 

-13- 



to the meaBuring of closed oh»nber powder gas tenperaturee. 

Correlate temperatures thus obtained with pressure ourwe* 

an1 radiation dlstrloutlon. 

9.  InrestiKate by speotrosoooy the temperature, the 

molecular ooapoaltlon and the ootential enei^y states of 

nuzzle flashes from standard uowders.  Infomation obteined 

should throw litf-ht on renainin^ energy of gases.  Ultra 

violet, high speed action pictures of muzzle flashes should 

also give iaforaation on unbumed portion of charge and 

•ffeots of different types of granulation. 

10.  Investigate to determine the relationship. If any, 

existing between the heat of adsorption of oxygen and the 

resistance of a metal to powder gas erosion.  There is good 

reason to believe that up to the time that the heat of 

adsorption of oxygen is supplied to the surface of a metal 

It Is prelected by a film of one or more moleoular layers 

of oxygen,  nich, when th«  svrfase reaches a critical temp- 

erature, is released and forme an oxide with the aurfaoe 

layer of the metal. This oxids upon beirur removed by the 

abrasiom of tne high velocity gases leaves the surface unpro- 

tected and in a state favoring the diffusion of, and combination 

with contiguous gases, until it drops below ths critical 

-14- 



t c~p r atur e and again for~s the adsorb~1 oxygen l ~yer. 

Tungsten is known to exhibit this pbenoaenon and has 

ori tlcal t emperature of 1 ,00°0 1 • Positive results 

'.1111 go ar to explain whJ, with a g iven metal, erosion 

a.p :Jears t o vary directly with powder t emperature , but 

with a given powder tempera ture , fo l lows no definite 

law with r espect t o melting point or any other physical 

prop erty investig a t ed. os1t 1ve lnf ormat lon 111 be of 

grea vslue 1n the investigation of eros ion r e s i s ting 

ma t er i a l and coatlngs and \fill furni sh a bas i s for 

setting up an accele r ated er osion t ee t . Tes t s of t h is 

natur~ !hould be carried out i n c losed chambe r s with 

the t es t plug serY1ng as a gas part bet ween the burning 

oharg e on one s ide and a small expans i on chamber on the 

other. In t h i s way the tempera ture of t he plug a t the 

ti~e of f iring can be controlled by pre-heating device• 

and the ef f ect of pressure observed. By prov1d1q the 

expansion chamber ~1 th an optical vindow t he build up 

of i ron in the flaae at the plug orifice can be obeerTed 

with the spectrograph giving the resis t ance t o eroeioa 

of the subJect metal w1\b a ~elat1vely re~ firings. !be 

tame test is applicable to t he erosive tendencies ot 

d1tterent powders. 

1. Ipa,1ett. Oatalrt1o .. aot1oaa at High t .. perat•re• 
aa4 PNIIUNI • pill. 



fh(&  «xtenalvc sooue of this progrn« Is well recog- 

nised, sfl -»re tne jrerequlsltei of equlpaent *nd trained 

oer«ionnel for Its execution.  The logic«! plAOe for the 

Initiation of «Ost of the Iteas Is Aberdeen Proving Oround. 

riowflver, tne Metellur^lcal Laboratory at »Rtertown Arsenal 

Is probmbly oest prepared to unJertRite the work on erosion. 

It would be necessary to add a quartz spectrograuh of 

large olssslflontlon to the present equloüi^nt which Is a 

grating type and IHOHS tne light conservation requlreo for 

tranelent flaae spectroscopy.  This additional Inetrucient 

will fill a need that Is already being felt with the rapid 

dewelopnent of epeotrograpftlo methods. 

The -vork on flaae and afterglow ealsslon, absorption 

and Raman spectra will require a large quartz apectrograph 

1th auxiliary light souxnse equipaeat and a density coapara- 

tor provided for reading plate densities. Bausch and Loab 

have such a density ooaparator on the aarket. 

for tne high speed photography the high speed camera 

at the Proving dround le probably on a par with the one 

described by Haaaweller and Wlthrow although of different 

deelgn, but would have to be equipped with a quarts optical 

systea for ultra violet work.  Selective tialng devices are 
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also probably arailable.     The derelopaant of high 

pressure optical windows oust becowe a part of  the 

jrogran but shop personnel  at the ProTing Oround 

are eonpetent to handle the work.     The irradiation 

experiments will require a quartz nereury leap with 

a laboratory source of dlreot current,  reaction 

ehaabers with quartz windows,  and  a certain aaount 

of  glaesware and  sraall  laboratory  equipment.     It 

will  also  be desirable  to uae  low vacuum equipment 

requiring a mechanical pump.     Qrow and  Orimshaw 

ewacuated their closed chambers after loading and 

employed gateous igniter«.     It is assumed that renuir*d 

pressure measuring dewioes  and oscillograph equipment 

is  awailable.     Crow and driaehaw describe a soring 

manometer with a "million to one"  mirror multiolier 

which appears to be adaptable to  * combination with 

the      OP"   indicator orewiouely mentioned, 
dt 

Should this program be  taken up  actirely it it 

suggested that full advantage be  taken of such consul- 

tory eerwice as can be obtained from Dr.  H.  W.  ffoo4v 

1.  On the Bqaation of State of Propellent üasss. 
Phil.  Trans.  Royal 9oo.  A 68? (1931)    £ 
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Phy^loa Dept.,   John Hopkins JnlTsrslty,  who is an 

authority on resonance phenoaena of netalllo ga^st 

ani hfl 3 originated  some -rork in  speotrosoopy of 

STplo^iveq;     Drs,   Hassweiler  and Withrow,   C>e>?eral 

.'iotor laboratory,   Tfho for sBver.il  y^ars  have  been 

netlrely engaged  in an  extensive  research program 

on photogrmphy  and   gTeetrosoopy  of  engine  flames; 

and Dr,   7.   N.   loatleff.  Chemistry Dept.,   North'JpPtern 

Unirer^lty,   who  3inoe 1900 has   ^een  engaged  in exoeri- 

mental  work on  catalytic reactions  at high  ^reasure 

and high teaperature  anri is  one   of  the worlds  best 

recognized authorities on the  subject. 

Due appreciation is expressed to Col.   H.H. 3oiimer8f 

Crd.,   Dept.  U.S.Amy for the loan of notes and literature 

on Interior ballistic««,  to 4iss  f.   it.   O'Halloran, 

librarian at   Vatertown Arsenal,   for assistance in ■•our- 

Ing sources  of  information and  to Ur, J.   Sterner, 

Junior t^hydoist,  «atertown Arsenal for aritioal oowaents. 

Reepeotfully subaltted, 

1     .     ß 
).   U   QTVßfOTAJ IT. ,    ' 
lap*;   Ord.   Dept. 

4f 
Capf.   Ord.   Depl 
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