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SUMMARY.

This report describes a ne-w optlcaI method of UDUWMIsimpkity anti good wcuracy suit--
Ale to the stud-y of the kineti~< cd explosive gaseous rewtions; it cL& with a part of an
in;-estimation of the rates of explosive gaseous reactions being carried out at the Bureau of
StandaNs at the request of and with the support of the NationaI Advisory Committee for
Aeronautics.

The device is the complement of the sphericaI bomb of corstant volume} and extemls the
applicability of the rektiouship, pv = nR T for gaseous equilibrium conditions, to the use of both
factors p and v.

‘he method substitutes for the mechmical cornpkations of a manometer p~zced at some
distance from the seat of reaction tihe possibility of Jlowing the radiant effects of the rew tion
to record themselves direcfl.~ upon n sensitive fkn.

It is possibIe the de~-ice may be of me in the stu(ly of the phot,o-chemicaI eflwts of radiation.
The method makes possible a greater precision in the measurement. of normal flame veloci-

ties than was previously possible.
An a.pplication of the method in the investigation of the rekthmship bet~reen flame veIocity

and the concentration of the reacting components, for the simpIe reaction 200 -F02ti2 (702,

shows that the eqwtion k = ~ s co describes the reaction.

An approximate analysis c~o~s that the im.wease of pressure and density ahead of the
flame is neg~wible until the veIocity of the flame approaches that of sound.

INTRODUCTION.

In the s~udy of the reactimw of explosive gaseous mixtures a numbe~ of methods have
f)een developed suitable to the pttrticulm end in vie-w. For the most p.wt these in~estigations
h~ve followed one or the other of two welI-defined directions: ..4 study of the equilibrium con-
ditions of the reactions; or a study of the kinetics of t+heprobkm.

For the first case the more generaI and more widely understood expressions of thermody-
namics w-ere at first Iargely- employed in these investigations foIlow-@ their exkendecl and
successful use in the thw-r~ of the steam engine. Lately, however, the more complete descrip-
tion of equilibrium oondltlons df exphxiive reactions as indicated by the mass Iaw has found
wide application by many different methods.1

For the second case the mass law has furnished the chief guichwce for the investigations
and has interpreted the results. b the earIier studies of this phase of the reaction the classical
methods of procedure -were employed. Bodenstein’ extended these methods into temperature
ranges closely approaching the ignition temperature of the gases. When the i=~ition tempera-
ture is reached, and the reriction is accompanied by tlame, the cks-iad methods of inwstiga-
tiori are no longer apphcable, o-wing to the sharply localized and rapidIy moving area of reaction

1W.Nems* Pie Thewetischeu u. esperimmtdku Gmndlw’n des muen It-wmesntzes. EIdk. 1913.p. 13.
I May. Bcdem<tein: Gamaktionm & iicr chctimhcn h-ietie. Z. f. Phj=ik, ChcmiI’. !29,1S39.
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indicated by the flame as distinguished from the undifferentiated trarsformat~ons taking place
throughout the entire volume. The short duration of the process also precludes the ordinary
mebhods of chemical analysis during the course of the reaction. As a consec~uence of this, and
because no suitable method has been developed for folIowing the kinetics of the reaction into
the flame itself, little is known of the kinetics of explosive gaseous reactions.s

i“ I

s’
I

Fig./ q

The apparent irregularities that are observed to occur in the course of the reaction, par-
ticul arly within closed bombs and w-ithin the cylinders of internal combus~ion enginas, their
evident relation to pressure, reaction velocity, temperature, and photo-chemical effect 4 are now
the major unsolved problems in engine theory and practice as they likewise fire in the kinetics
of gaseous reactions.5

The possibilities of the constant pressure bomb in the stud? of Lho
kinetics of gaseous explosions is suggested in the following desc.rq)tion:

DESCRIPTION OF THE APPARATUS.

The complement of the spherical bomb of conshmt volume fired from
the center would be a sphericfil bomb of constani pressure flrcd lilielvisc
from the center. This may be closely realized for flame velocities, not
too near the veIocity of sound, by holding temporarily the explosive
gaseous mixture within a sofip fiIm. This arrangement, for gases thtit do
not react upon the container~ has the advantage of being transparent and
of permitting tb e course of the explosive wave to be foIlowed photo-
graphically with high precision. Also, since the equilibrium conditions
are only special cases of the kinetics of the problems, the method permits
an investigation of the thermod-yna.mics of these conditions, since the
photograph records the initia~ and final volumes as weH as the inter-
mediate volume changes.

In actual practice a bubble, b (see diagram, fig. 1),of convenient size,
is blown with the gaseous mixture whose composition is lincrivr~. The
orifice holding the bubbIe is provid~d with an adjustable pIunger, p,
carrying the insulated ignition wires and having at its lower end a spark
gap, c, across which an ignition spark may be sent. After the bubble is
blown the spark gap is adjusted as nearly as maybe to the center. The
lowering of the plunger also seals the bubble. Behind the bubbIe is o,
black screen O1-o, having a narrow, horizontal, translucent slit that can be
ilhuninated so that the position of the sparker reIative to the bounding
surfaces of the bubble at either sick of it may bo photographed and
determined while the photographic film is stationary., This record is

shown in the photographic Figure z at o. ln front of the bubble is the camera focused upon
the spark gap. Behind the Iens and w close as possible to the photographic film is placed

8 liax. Bodemtehu Gasreaktionen in der chernkchen Kiietic. Z. f. Physik, Chemk. 29, 1&33,p. 147,
~\Vm. C. McC. Lewb .4 System of Physical Chemktry, Vol. LfI, pp. 134-145,
~H. R. Ricardo: Automobile Engineer, Februwy, 1921,
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another screen, s’, hav& % very narrow, horizontal slit through which the progress of the
flame image after ignition can be folIowed onIy alo~~ the horizontal ditieter of the bubble.
This horizontal motion of the flame outward from the spark gap is recorded by the camera
on msensitive fihn attached to a drum that rotates so that the motion of the photographic
film is at. right angles to the motion of the frame. The motion of the photographic fihn, during
this exposure, is det erminecl by imposing upon ib the time record of a calibr~ted fork, t.

Thase welI-defined int er-ds, together with the record of the iggtion spark, ~, are shown also in
the photoamaphic Figure 2 at t. The Line made by the composition of these two motions at
right angks to each other, where the motion of one, the film, is known, permits the determination
of’ the ffame velocity in space and a continuous record of the volume ch~oes.

TEEOEETICAL.

The question will nd.udy arke as to the pr=~ure conditions ahead of the flame dur~~
these proc=es; for the concentration of the reading components, and hence the velocity of
reactionj is graveIy afiected by pressure. The veIocity varies as the square of the pressure in
a tri-molecular reaction such as the one shown in Figure 2 for 2 (70 + 0Z.6 This figure shows! as
do alI the photographic records for velocities not too close to the velocity of sound, that the
veIocity during the reaction remains constant.

An anaI-ysk by l?. B. Silsbee of these conditions as they apply to the present method
is given at the end of this paper. This indicates that the pressure effects ahead of the flame
are negligible untiI the flame velocity approaches that of sound.

As to the effect the so~p flm contaimer may have on the reaction, the h usually breaks
sooLl after ignition, forming many small drops. Xone of the photographs taken for doeity
measurements, however, show any disturbance in the rate of flame movement to indicate
the instant of rupture of the film. For very slow reactions the fihn may not break tiU the flame
reaches it, and in nearly every case there is com~iderabIe distention before rupture takes place.
If the rupture was accompanied by any considerable change of pressure, the eff eck would show
at once in a corresponding cha~me of velocity. For reactions of high veIocity-, there are indica-
tions that the soap flm reHects the impulse wave (or at least a part of it) starting with the
ignition. Where this reflected mave meets with the outgoing flame surface, an ahnosti instam
taneous incre=e in m40city takes place following the corresponding increase at this point in
the concentration of the gases the flame is entering.

The effect of a change in initiaI temperature under consta~t pressure conditions is small
and need not be taken up here since the initial temperature condition of the method is practi-
cality limited to atmospheric temperature. The pressure, however, may be ~aried over -wide
limits.

The velocity of the flame in space, as indicated by Figure 2, is not the actual rate at which
the mixture of ex#osive gases is tramformed, but this latter, more fundamental value, is
ea~fiy obtained from the above record as the following general consideration dI show.

Conceive the flame fron~ w, Figure 3, heldstationary by
.W the flow of the explosive mixture against it at the Pate s at

which the flame would advance in the stationary gas. Let
4 s’ w 4 s w SF be the ra,te at which the products of combustion leave

the flame, and Iet p and p’ represent their corresponding
densities: then

ps=p’s’
and

s J. H. \’s.n’t HoE: Lectures cm ThecreticaI and Physic31 Chemistry, pt. 1, p. 238.
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where a and A represent the initial and final radii of the gaseous spheres.

P’ as s..— .
p A’ s’

~fa3

~=~

A
and since s’ = ~

3

S=%

where t is the time of the reaction.
The dimensions of .s me therefore

~m3 ~
— .—
cmz sec t

and this defines the reaction velocity for the form taken by an explosive wave. ii IlllITlb~f’

(of expressions have been suggeshxl for this m~gnitude as slow burning, normnl bllrning, and

mass. burning velocity.7
PREC1S1ON OF MEASUREMENTS.

Under ordinary working conditions the method is capable of an accurncy of nbout 2 per
een~. The accuracy in recording the time element is within one-tenth of I per cent; the meter-
ing and gm purity within 2 per cent; the reductioll of photographic dimensions, about 2 per
cenk. The chief difficulty is met with in determining the end point of the reaction, a valuo
affecting both A ancl t. Naturally this error is greatest for high velocities rmd IWNL ft}r tho
]OW OIICS. The precision of measurement is also influenced by tho degree of sharp]~ess of tile
photographic record; the actinic properties of the frame differing for cliffere]l t gtwos nnd ft]r
different nixtures of those gases.

APPL1CATION.

Some directions in which the device may be applied suggest tl~emseIves from its analogy t{,
the bomb of constant -rolume, over which it hm the advantage of substituting a direct optiml
record for thzi of a material manometer situated more or less remoto from the sent of reaction.

It was in an investigation of explosive gaseous_r_eactions and ilame movement. tlmt, iL Ivas
developed and for which purposes it seems well adaptccl. It is also possible it-may find applica-
tion in studies of radiation. For the determination of flame velocities its precision much
exceeds that of the BunsemGouy * method. Results by the tmo methods ngree within LIM
limits of experimental error.g

-A series of measurements carried out by this method tu determine the re%ction velocity s
(]ver the possible mixture ratios that, \YouId igniie, shows tlmt for the re~ctioll

2(2’0+.ozi=t?c’o,,

k=C“:oco,
.

where s is the flamo velocity relative to the rcact,ing components and 6L0 find .OOatheir pnrtid
pressures. k, the velocity factor, is found to be remarkably constant for Lhis reaction over
the entire range of mixture ratios. These results me expressed in the folIowing table:

? Flimrn u. Mache: I)i~ Verbrmnrrng eines explmiven Gmgemiwhes hr Gcsehlownem GcM% Sitznngsbwichto II. 8, 12G,~.3$ KwRer. Akwl,
d. Wissenschaften in Wm. 1917.

$ M. Gouy: Rcslwrches Photometriqno sur lcs FIfimmes Color&s. Ann. de CJcmie et dc Physiqnc (5), I& 1879.
~W. Mirhelson: Uber dlc normfih?Entztindungsgesch \\r(lldigkeit E ~plosiwr Gwgrmlsehr. Ann. d. Physik u. (Wmip 37, 1SS9,p 1.
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n.MM
.6736
.6928
.1069
. Llill
. mm
. H50
. rw
.1346
.1366
. 13.w
. 13a3
. 13W
. 13%3
. 14Ml
.1470
. I@
.1470
.1193
- 14Z
. Hw
. IHU
.1040
-65’s.3

.
~<
53.5
65
7i’
s?.5
w
S7
2-s
%
94

, 93

%
93-5

f 97.5
w.5
&
104
103.5
Q3.5

% 5
33

:

APPROXIMATE ANALYSIS OF THE PRESSURES AHEAD OF THE FLAME.

.+ rigoruus soIution of the mathematical probkn of computing the development of prewure
ahead of the flame in this experiment, wotid be exceedingly &tTicuIt. An approximate ardysis,
however, can be carried through if the effects of the soap & are neglected, by first assuming
that the gases, both before and after combustion are incompressible fluids. This means that
during the progress of the flame the densit}- of the gas has the constant mdue POoutside of the
+phericid flame surfac~ and the CODSt~nt IdUe pf inside. l.f i-f is the raclim of the three surface
at MIJ- instant, and if we comid w the motion of a particle which was originally Iocat ed at a
radius ay -where a is the initial radi[Ls of the bubbIe and y a parameter num&icalIy Iess than

unity! then assuming that the flame surface hM ne.gliggble thickness the conservation of mass
gives us the equation

(1)

where ry is the radius at which the particle under consideration is situated at any Inter imtant.
llquation (1) merd~ expresses the faei thaL the mass of material inside the sphere of radius rY
is the same ~s that mitialIev inside a sphere of radius ay.

.1s has been shown above the normaI burning of the gas occurs ~t such ~ rate that both the “
veIocity of the flame in spmre (s’) and of the flame. reIat ive to the gas (s) me constant. We
may therefore write

rf=s’t (2)

where t is the time eIapsecI since the ignition occurred. Mso we may abbreviate by writing

for the ratio of the densities. (g is thus the ratio of final t{} initiaI diameter of the bubble and
may be directIy obser~ed.)

inserting these relations in equation (I) gives

Differentiation -witl~

:ls th vdoei ty in space

-.
rtispect to t regarding y as constant gives

of the gas particle at time t.

(4)

(5)

—

—
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A second differentiation gives

ADVISORY COMAWI!TEE FOR

()
~,rw 2a3y3s’3 1–$ i
~= .T> ...<

as the acceleration experienced by a particle of the gas located

AERONAUTICS.

16)

at a distance r,, at a tin-m t.
Since the acceler~tion can b; ca&ed only by p~essure gradienb at the pfi~ticle in question,

we may write
?)’T’g hp

‘PO *=Z (7)

where p is the pressure.
Integrating with respect to r gives

p=po +,2 opo
() ()

1–; :+po L ~
p+

(8)

where p. is the constant of integration and is equal to the normal initial atmospheric pressmw

It will be noted that p is a function of $) and that all the equations from (4) on-ward apply

only for points outside the flame surface.
1

At this surface ~has its greatest value which is ~ and

(8) then becomes

(9)

Equation (9) thus indicates the maximum value of the pressure wave just ahead of the flame,
Since the normaI ~elocity of sound is given by

where k is the ratio of specific heats, we may rewrite equation (9) as

(lo)
.

For 00 ancl 0, mixture s’ seIdom exceeds 12 m/see. (39.4 ft./see.) while O has the valuo

33o m./sec. (1083 ft./see.) Hence $= .036 and the second term in the bracket in equation

(10) is less than .0025. The compression in a gas resuIting from such a change of pressure is of
course proportionally slight and we thus see that the initial assumption that no compression
occurs was justified in the case of reactions whose velocity is smaIl compared with that of sound.

Since the gas inside the flame surface is at rest the velocity of each particle of gas is checked
and reduced from the value s’ —s to zero as the flame overtakes ifi. The pressure on the inside
of the flame must therefore be less than that outside by an amount which can be computed
by equating the momedum destroyed in a given time interval to the forc~ acting. This gives
for the pressure drop between the two sides of the flame surfaces

()Ap=pos: d–f?
subtracting this from (10) leaves

( 3’%$)0 -$))
pi=po J +7 (J,

(11)

(12)

as the pressure inside the flame surface, while combustion is in progress.


