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Report No. 122/9
fatertown Arsenal April 14, 1937,

D. Je Grawford, Jr, Capt, ORDe Dept,

The purpose of this report is to point out the
apolicability of photograpvhie and spectrographic studies
of powder zas flames in the apgroach of some problems
of interior ballistics, and to present a vrogram of

experimental work based upon these methods.

SXNOPIIS

The report contains a survey of some recent research
work on internal combusion engines, photosensitized reactions
and high temperature high pressure catalytic reaotions. The
theoretical aspect of the lag of the total radiation field
behind the thermodynamic temperature of the products of
combustion and its relationship to the initiation of shoek
waves 1s discussed briefly. A program is presented suggest-
ing photogravchic and spectrographic methods for obtaining
information concerning limear burning rate, total radiation,
transient and unstable products of combustion, temperature,
acocelerated erosion tests and the photo-sensitization and

control of accelerated burning, Bibliography appended.
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The success of photographic and spestrographic
methods in the study of transient phenomena in the burn-
ing, explosion and detomation of fuels in internal combustion
englinee leade to the conviction that these methods have a
wide applisabdility, in the study of problems of interior
ballistics and the levelopment and improvement of procellant
exploesives. In the 1light of theories of modern physics
and with the rich background of developments in other fields
tremendous advances should be possible at thls time,

A survey of recent experimental work paralleled in
nature to that outlined herein leads through a vast store
of 1iterature on photosensitized reactions, catalytic
resotions and exploeive fuelsa. Particular attention has
becn gilven to treatises dealingz with the transition from
explosion burning to detonation conditions as evidenced
by "knook" in internal combustion engines and the so-called
shock waves developed 1in guns fired with high loading
density and fast burning powder?. By high speed photography

the detonation zones have been locatodl and by spectroscocy

s 5;) #ithrow and 30yd. Ind. Eng. Chem. kay 1931
b) Rassweiler and Yithrow, Ind. E=ng. Chem, June 1936
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differences between explosion and detonation burning
oonditions have been isolatodl in, (1) radiation dis-
tribution over the period of burning; (2) concentration
of cg, CH, CH, OH and other radicals and unstable com-
pounds in flame fronts and combustion products; (3) pre-
flame formation of aldehydes and unstable veroxides
under detomation conditions; (4) effect of the addition
of detonation inducers and inhibiters on the above
mentioned observations, A spectrographlc method for
transient flame pyrometry has been 4develoved, for which
extreme acouracy 1is olalnodg.

These studies have i..60luded the numerous theories
of detonation and detonation inhibitors and have lead
to a thorough investigation of the recently developed
thermo-physical thoorys. By brimging together the
experimentul evidenoe collected through maans indicated

P
L ]

Clark and Thee, Ind. Eng. Chem, 18 (1926) P628
Clark and Hemne, Journal 3S.A.E. 20 (1927) P26€4
Malsohert - Thesis, Mass. Inst., Tech. 1928
Raseweller and Withrow, Ind. kng. Chem, Kay 1932
Rassweliler and Withrow, Ind. Eng. Chem. Aug. 1933
Rassweiler and 1ithrow, Ind, Eng. Ohem. Deéd., 1933
Ragsveller and ¥ithrow, Iad. Eng. Chem., Dec. 1934
Ruark and Urey, Atoms,Molicules and Quanta P514
Loomis and Perrott, Ind. Eng. Chem. 20 (1928) 1004
Colliard, Ord. Dept. Reference Library B-9496
3emenoff, Z Physik 46 (1927) P109.
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above and some recent developments in theoretical and
apolied ovhysices it is possible to extend and amplify
the hyootheses of Collliard and at the same timeé remove
some Oof tne inconsistencies existing between the several
theorlies concerning detonation inhibitors.

It 1s suggested that the gas kinetic energy of the
products of combustlon lags the radliant energy fleld
of the explosion system and that under very rapld burning
conditions the lag 1s sufficlent to cause e material

.
deviation from the Van der Waal equation;

(P ¢_;__) (v - b) = R?.
v

The Van der Waal equation assumes equilibrium between
the thermodynamic temperature of the system and its radiant
field, This equillibrium can never be attained in the
transient reactions whigh transpire in an internal ocombus-
tion engine or gun. The more rapid the rate of burning
the further froz equidibrium will conditions be, To
account for this lag the equation must be written:-

(P + -;T-) (V-b) «R? - [£5, -fr (,ra7 |

where E., is the radiant energy distribution of the total

1. Born - Atomiec Physics - P20,
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radlation field deterained experimentally by methods
suggested nereln and P (V7 ,7') 1s the ocomputed radiant
speriy distribution agoording to Planck's radlation
lawl. T' balng the gas kinetic temgersture arrived at
through 7an der Sgal's equatlion assuning ~quilibrium
betwean the radiant energy field and the ges kinetle
anergy. Lif the r»ste of Durning can be socurstaly
detorained axpearimentally the empreaslion

< By -/ﬁ‘ tz", ©') 4+
beoomes a paramsetiric funetion of the specifie hest of
the gas agregate, In the ocese of very repld burning
tnls lag manifests itaelf in exeea:lve heating of the
combustion vessel and in a shirft of the total radiation
speotrun farther into the ultra violet, #hen the shift
into the ultra violet o2z belevw wave length 2600 ; it
may be sxpeoted to 2stabllsh shreshold oconditions for
photosensitleed dlssocolation® and chaln resetions through

poth @Areet irradiation” and through inelastio eollisionm

7 ii? .
: 1 Up = .—6}& x & - ad dorn - Atomic Fhyales plP0

2, faark & Urey, Atoms molecules and quanta -p48% to 516
3. {a) “hotoshemioal deccmposition of mitrous oxide
and altrie .!140. Emodonnld, JW?.CI‘I.!. S0e. 19-’8-;)1-
(%) :o:{=;=?, Benediet and Lageor. Jour. Chenm, hysies,
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with highly excited molecular products of conbultionl,

resulting in linear burning rates or dissociation approach-
ing or reaching detonation velocity. Such phenomena,
rather than delayed ignition, account for shook vaves
under quick burning oonditlonnz. The osclllatory shook
waves in internal combustion engines are kmown to be
acoompanied by an osclllatory radiation emission--
absorption phenomenon of comparatle frequenoys. Hence

it is not unreasonable to conclude that the true nature
of ths oscillatory wave is physio-chemical between a
state of high dissoclation-r'adlation emisslon and a

state of recombination-radiavion absorptiom. A perlodic
reversal of the water gas reaction following the origlnal
detonation shock would aseount for observed pressure and
radiation changes and considerable spectrographie and
photographic evidence can be brought to prove that this
is preoisely what ooocurs in the case of internal combus-

tion engine detonation®.

1, (a) ¥m. Manming - Dcoomposition of Nitrous Oxide
senslitized by mercury vapor -Thesis, Dr. Fhilosophy
Brown Univ. 1933.
(b) 3ememoff, Zeits fur physik 46 (1927) 109.
2, Fourth Partial Report - Interior Ballistic Firings-
Aberd.'n P. “o 1°29 - p".
3. The Physical Effeots of Detonation is a Closed Cylin-
drical Chumber, C.S.Draper =N.A.C.A. Recort No, 4983
4, Sa) Yithrow and Boyd, Ind. & Eng. @hem. May 1931
b) Rassweller and Withrow, Ind. Eng. Chem. May 1932
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By studying the actlon of metallic photosensitizing
agents and metallo-organic detonation inhibitors and
comparing the nature of their emiseion spectra and reson-
ant energy statolﬁ a theory is developed vhich explains
the action of each and establishes a definite inter-
relation. This theory, 1f it can be experimentally
oroven, providee an efriclent method for transforming
high frequency radiation to lover freacuency radiation
or gas kinetic energy and thuer inhibiting threshold
conditions for photoesensiti:zed reactlonlz.

Although beyond the soore of this paper the hycotheses
set forth sbove are subject to rigorous statisticsl treat-
ment, In literature cited, Clark and Bonno,3 Rassweller
and itthrow?, and Be11® nave proved the applicability of
the spectrograph in s%udying the water gae reaction in
transient high pressure flames and afterglows. Rassweller
and ¥ithrow conclude that the usual formulation of the
water gas equilibrium H, + coagfé HoO ¢ CO 1s inoomplets

at the tempcrature dealt with in internal combustion

chambers. They quote Berl in suggestinz "that this

1. Int. Crit. Tables. Vol, 6,

2, Duchene - Comtribution to the Study of Normal
Burning in Gaseous Carbureted Mixtures: Part II.
N.A.C.A. Tech Memo Mo. 548 (1930)

3. Journal S.A.E. 20 (1927) p 264

4. Ind. and Eng. Ghem. May 1938.

S, Proe. Royal B80e. B824 (1937).
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equllibrium can bes formulated equally well in the
followring way, whieh showe the ocheain mechanism for
the combustion of hydrogen and carbon monoxide:-
GO*M-OOEOH

ufoaaou + 0

O+H; =01 +H
Basides these reactlions, the thermal decomposition of
water probably occurs at high temperatures existing in
the gases which emit the afterglow. Bouhoeffer and
Reichardt formulate thls in the following way:

3530'—$'20ﬂ + 32“.

thege types of chain and dissocelatlon resctione are
known to be esxtremely sensitive to photo-zetivation by
inelastic collislon with excited gaaeel.

Based upon thege gtudies the following outline of

a research program 13 proposed:-

1. Investigate the sensitivity of standmrd
powders to direct irrsdiation by an ultra
violet field of high energy density of all
wave lengths down to 18001. It ir very
crobable that certain frequency bande will
cauce spontaneous ignition «néd poesible

detonation at temperatures below the

1. Ruark and Urey. Atoms, Molecules and Qumanta. ©508-509
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normsl ignition point., Both nitroue oxide and nitric
oxlde are subject to photoechemical dissocistion by
ultra viclet irrailation in the region between wave
lengths 1800 ; and 2000 Z 1.

2, Investigate the possible photosensitization of
-gnition or detonatlion of standard powders by "collisions
of the second kind"2 with cool mercury vapor thrown into
the wave length 2537 & resonant state by irradiation with
a aerocury arc. The s=lectron voltage of this mercury
reaonant state corresponde almost exactly ¢to the heat of
dissoclation of hydrogen and also to an oxygen vibretional
state of unusnual actinie povera. It 12 used in many
organic dlssocliation orccesses, for the initietion and
-rovagetlon of chaln reaetions anc for sensitizing combus-
tion under otherwise crohibltive condltlon.‘. It 1s a
more oowverful sensitizer than direct irradiation. Mercury
vapor in this case Decomes an indiscensable tool of
researcii in that it oan be eysited to establish an inelastic
collision and radiation syste~ of high energy density in
the ultra violet photo-ochemical zone without raising its

MaeDonald - Jour. Chem. Soc. (1928) pl.

Ruark and Urey « Atoms, Molesulee and Quaata P489-3515
Ruark and Urey - Atoms, . 2 p 498,

. Emeleus and Stewart, treot of nght on the Ignition
of donosilane - Oxygen Mixtures - Trans. Faraday 3oe.,
No. 187 (1938).

#.CA.OH
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thermodynamic temperature to the ignition point of
the sutject material,

X, If positive results are obtained in either of
the above experimentes investigate the tendency of un-
stable metallo-organic compounds to inhibit or induce
the phenomenon. Compounds of metsls in the same period
as mercury such as thallium, lead and bismuth should
be used, The action of combustible organies of high

quadrupole moment and of heavy halogens with conslderable
molecular absorption bands between wave lengthe 1800 Z
and 2700 1 should be investigated, The actlion of these
three typess of operators in inhibiting detonation 1is

not 1dent1ca11. In going to high pressure conditione
consideration must be given to pressure broaoenlng2 of
resonant 3tates, Bismuth with two s trong resonant states
corresponding to wave lengths 2897 i and 2937 : may be

an efficlient operator. Ipatietf3 pointe out that the
catalytic activity of matallic elements ie related to
their position in the periodic table and it seems that
oonsideration mu#t also he given to their atomic resonant

energy states, which is in agreement with the McLewis

1. Clark and Henne, Journal 8.A.%, 20 (1927) p 264

2. Wnite. Introduction to Atomic Spec\r= p 431.

3. Ipatieff - Catalytic Reasctions at High Pressure
and Temperature p3503-830,

«=10=-



theory of catalysls of whieh he asoribes cocansiderable
credit,

4, By means of absorption and Raman spectra
deteraoline the vibrational energy states and decomposition
sroducts of standard powders as thev are brought slowly
to the tempe.;ature of spontaneocus ignition. FExperiments
of this nature should be the source of considerable
information concerninz the chemistry and mechanies of
burning.

5. Develop eprouvettes with optical windows to
withetand pressures up to limiting practical values for
Zlass, fluorite, Qquartz and quartz-ice combinations.
Bell1 reports the use of direot quartz windowe with
explosion pressures as high as 500 atmospheres but was
troubled with surface oracks., The nse of 45° reflecting
orisms well supported and with oniy a small portiom of
thelr surfzce urnider pressure 1s recommended. Ice has
about the same transparenay to ultra violet radiation as
quartz and the combination of the two frozen into stain-
less steel mirror adapters appears promising. “"Lueite®,
a recently developed optical plastic from the DuPeas
Laboratories should be thoroughly investigated.

1. Speotregraphic Studies of the Explosive
Combuetion of Methame. Prosc. Royal Soc. Jan. 1937,

ell=-



6. By high speed photography determine the linear
rate of burning of smokeless powder in a closed chamber,
and locate zone of origin «f shock waves, In the power
law —gf— = KP? the value for *he exponential constant n
is taken all the way ‘rom less than .5 ud 1.51. To 1limit-
ing oressures of optical windows this v .iue ean be Aeter-
mined photographically. By using a quartz system and
irradiating the combustion chanber with the ultra violet
source of a hot quart: mereury are, then filtering the
1izht before photographing to shut off all freguencles
above the lowest frequency radlated by the burning oowrder
it should be possible to Jdetermine by high scaed motion
-icturess the process of burning of all tyoes of granulation.
Usla. a s011d guartz cylinder head, moving pletures of
internal combustion engine flamee have been taken at the
rate of 5000 per seconde. Satisfectory filteres oan be
~re,areda.

7. Using quartz optical system to limiting pressures
determine by speotroscopy the radiation distribution,
ultra violet shut off frequensy, intermediate produects

of combustion which can be isolated in fleme front speotra,

1. (a) Techappat - Ordnance & Gunnery
(b) Projeoct for a new table for Interior Ballistics.
Dederick - Aberdeen Proving Oround 1930.
7, Rassweiler and ¥ithrow - High Spped Motion Pilctures
of Engine Flames - Ind, Eng. Chem. 28 (1926) p 672,
3. %ood - Physieal Optiocs. p 14-18



afterglow radiation distrlibution and all final croduete
of sombustion wnich can be 1s0lsted in snectra, If cossible
1golate ilfferences between explosion burning with emooth
ores=sure gurve and excloslonedeton=tion .urning with shook
wave indilcations 1in oressure curve, correlate absorvtion
frequencies of powder as 1t avproaches its ignition point
with the distribution of its radlation fleld under the
above-mentiocned coniitions, study the effect of metalloe
organic addltions on the depression of the ultra violet
tloldl, over the range vhich might be exgected to ererclse
photo-sensitizing influence on _;owder molecules ap roaching
thelr ignition point, Correlats timeegresaure curve vith
radiation distributlion in all studies., In connection with
tnis work an ultra senslitive -g%— indicator should bse
develooed for the study of shook vaves, An instrument of
this xini vas developed at HKasa. Inet, 0% Tesh,, for use on
intern=zl combustion englnes 2.

8., £xtend the spectrographic method for translent

flame oyrometrys employed on internal combustion engines

1, Duochene. Part II K.A.C.A. Tech. ¥emo No. 548 (1930)
2, Draper. N.A,0.A. Report No. 493 (1934)
‘///6. Loomis and Perrott. Ind. # Eng., Chem, 20 (1928)
o] 1004.
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to the measurling of clcsed chamber powder gas temperatures.
Correlate temperatures thus obtained with pressure ocurves
ani radlation 4istribution.

9. Investigate by spectroscopy the temperature, the
molecular compoaltion and the potential energy states of
muzzle flashes from standard vowders, Information obtained
should throw 1light on remaining energy of gases., Ultra
violet, high speed motion pictures ol muzzle flashes should
also give 1aformation on unburned portion of ocharge and
effeote of different tyces of granulation,

1C. Investigzate 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 supolied to the surface of a metal
it ia2 zrctected by a film of one or more molecular layers
of oxygen, which, when the surface reaches a eritical temp-
erature, is released and forms an oxide wvith the surface
layer of the metal. This oxide upon being removed by the
abrasion of the high velocity gases leaves the surface unpro-
teoted and in a state favoring the diffusion of, and combination
with contiguous gases, until it drops below the critical

=l4=



temperature and agaln forme the adsorbed oxygen layer,
Tungsten 1s known to exhibit thlis phenomenon and has

a critical temperature of 1200°C l. Fositive resnults
will go far to explaln why, with a glven metal, erosion
ap-ears to vary direectly with powder temperature, but
with a glven powder temperature, follows no definite
law with respeet to melting point or any other physiecal
procerty investigated. FPositlive Ilnformation will be of
great vslue 1n the invesilgation of erosion resisting
meterisl and coatings and will furnish a basis for
setting up an aceelerated ercosion test, Tests of this
nature should be carried out in closed chsmbers with
the test olug serving as a gae part between the burning
charge on one side and a small expansion chamber on the
other, In this way the temperature of the plug at the
time of firing can Dbe controlled by pre-heating devices
and the effeet of pressure observed. By providing the
expansion chamoer with an optical window the bulld up
of iruvn in the flame at the plug orifice can be observed
with the spectrograph giving the resistance to erosion
of the subject metal with a relatively few firings. The
same test 1s applicable to tile erosive tendeneciss of

different powders,

1. Ipatieff. Catalytic Reactions at High Temperatures
and Pressures . pSl9.

=15=



The extensive scove of this program 1s well recog-
nized, as are the oprerequisites of equipment and trained
personnel for its execution., The loglical clace for the
initiatiosn oOf most of the items 18 Aberdeen Proving Ground,
dowever, the Netsllurglical Laboratory ~t ‘fatertown Arsenal
is probably best prepared to undertaxe the work on erosion.
It would be neoessary to addi a quartz spectrograch of
large nlsesificstion to the present equiopment which 1s a
grating tyce and lacks tne light conservation requirec for
transient {lsme sgectiroscopy. Thie additional 1lnstrument
will f1ll & need that is already beinsg felt with the rapid
dovelopnent of speotrograpnic methods,

The work on flame and afterglovw emission, absorption
and Ramen spectra will require a large quartz spectrograph
vith auxiliary light source equipment and a denslity compara-
tor provided for reading plate densities. Bausch and Lomd
have such a density comparator on the market.

For the high speesd photography the high speed camera
at the Proving Ground is probably on a par with the one
desoribed by Rassweller and Withrow although of aifferent
design, but would have to be equipped with a quartz optical
system for ultra violet work, 8Selective timing devices are

«16-



also probably avallable. The development of high
pressure optical windows must become a part of the
program but shop personnel at the Proving Ground
are competent to handle the work. The irradiation
experimente will require a quartz mercury lamp with
a laboratory source of direot current, reaction
chambere with quart:z windows, and a certain amount
of glassaware and small laboratory equipment, It
will also be desirable to use lowv vacuum equipment
requiring a mechanical pump. Grow and Grimshawl
evacuated their closed chambers after loading and
employed gaseous igniters., It is assumed that required
pressure measuring devioces and oselllograoh squipment
is avallable, Crow and Grimshaw describe a soring
manometer with a *million to one" mirror multiplier
which apuears to be adaptable to . combination with
the -28- indicator previously mentioned.

sg:uld this program be taken up aotively it 1is
suggested that full advantage be taken of suoh consul-

tory service as oan be obtained from Dr. R, ¥, Wood,

1. On the Equation of State of Propellant Gas:s.
Phil. Trans. Royal Sce. A 682 (1931) }
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Fhysiles Dept., John Hopklins University, who is an
authority on resonance phenomena of metallie gases
and has originated some vork in spectroscopy of
axnloslves; Drs, iassweller and Withrow, General
fotor Laboratory, who for sgeveral years have been
actively engaged in an extenalve research program

on photography snd sonectroscopy of engine flames;

and Dr. V. N, Ipatieff, Chemistry Dept., Northwestern
Univeraity, who since 1°00 hae Jeen engsged in exveri-
mental wvork on catalytic reactions at high oressure
and high temperature and is one of the worlds best
recognized authorities on the subject.

Due appreciation is expressed to Col. R.H,Sommers,
Crd., Dept. U.S.Army for the loan of notes and literature
on interior ballistics, to iiss F. X, O'Halloran,
Librarian at Vatertown Arsenal, for assistance in seour-
ing sources of information and to ir. J. 3terner,

Junior rhysdsist, Watertown Arsenal for eritical ocomments.

Respectfully submitted,
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