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AB- ZEACT

Ig •rt! <Q delay times, ignition temperatures, and sponefaneous
1 igaior. wc.e determined for several cowbustilblr gas mixtures
behind incident End reflected shock waves paseed iuto the static
or flo-tng gases.

The conditions leading to spontaneous ignition of f!..ing
&rdrogen-oxygen mixtures without the presence of shock waves
were also determined. Hydrogen air mixture did not ignite spon-
taneously under the range of experiments %onducted.

Although certain observations indicate that the sysontaneouz
ignition can be produced by aerodynamic heating, it must be
assumed that other phenomena caold al- cause these ignitions.
The observed high temperatures in the resonating gases should
have been sufficient to ignite the hydrogen-air mixtures.

While the ignition temperature and ignition delay time of
methane-air and ethylene-air mixtures do not depend on the
wmtion of the unburned gas mixture, those of hydrogen-air mix-
tures were much lower behind Incident than behind reflected
shock waves.

A brief discussion of the mechanism of ignition under the
I ~various cnoditions is included.

This document is subject to special export controls and each
transmittal to foreign govermientus or foreign nationals may
be made only with prior approval of the Air Force Aero Propul-
sion Laboratory, AP~r, Wright-Patterson Air Force Base, Ohio

II 45433.
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111-T L..UTERODUCTIQN

The perfoxnance of a -bypersonic xamjet ~erqoxe -is best iwhe -Whe
flow of gas i- -the comibustor -is -uersonic -at aXL -times-' YuieUz 7-es-
enct2l being considered for the scramiet engine ýaxe 1ydroigen 'and the
lower molecular -weight ihydrocaxbons.. -The Ignition r=Wertiez of -tbe
vaxious fuel-aiz' mixturea at. sv3)e2sonic i.Teeds rare of considerable
iauportanee to -the design of this ty-tek -comustor. In -the 1'frst pI t -of4 the presenrt study, -the minizann ignition -tm zaures and -tbe ignditiOn
delay time~s of _potential zscr-aijet prcopella1Ibs va-e meawund 'as -a fUe3-
tion of rdxture ratio, gas -veaacityr, -and _Wessur4a. The isecond.-bs
of this -study deals -vath the -atol.Zntion nf Tlowlxg fuel-idiser
mixtures. The -latter phenomenona :mpeseirbs -a 'aerious Vety I~ard
-when frlowing combustible mixt~ures are- ~iqlayed-

4tThe minimumi iý,aitln Memexaturms of fuP2-AIT mixtures mlf ýbe cal-
cul.. ti 6 from the thennaa mqxplosion 2Isdmt t1eorff'2 TwP-vrjr alA
etrlwxental do-ta, on tcnirdtnm lgaition tewperatures naf -va~iu Imd-
ox.Jim~ex mixtures indic:ýte that this theowy mi! geneXallU :not vld'
The actua~l ignition tfty'eratue del~end Zrtat~fy on the -tecbnJ:Vue-used
to heat the gas nixtumeb (.zhc~chs, arteral haeat adflis-i 'wAd rn J2ie
initial ~pressure of the ccobustible -gas mixtvixp Yar ehne="
mixtures, Sh-epherd4 Zmae -the ~minim=i ignit-1oi terte -as 520*X

(usig icidnt-hock vaves) idfl~e Name a=d associater5 razv .'
value of 8i4O~K they used -a amatim- mn aer- TV6 -,d MeM&s -mea-
sured tbte- minim=m ignition temperat:;res -of !Wxoetimg =des
behind incident shock wvEs and x-nv~rted -values of 63O`I vad 7;8V-K,j b ~~~resjective2y . Belles a-lso deterinit td. -the mininim :ignto ~rk

-I~ - Iof a. stoichiametric- bydxogen-air mi2 time =nd --sart-d a -va-aie rf 63A1ý
(-w-hich is 1500K below the -'valuie caicu-hwted frm -the 'agmi~sion 2imit
theory)-. Cr-aig,7 in a ztudy an the -effect of additi-ves ox= -We d4,i~tla
de-lay timeE of bydrogen-aix miritulras_, Tound tbe ma2ium im gniia -;ý

j2erature to be 440I He aqloy~ni neideft Abwck imes -to i-7, tam
.cosible gas iztures- Iloevm-, 1giinDc v -eid=Mce

t3 saefia pressur'e. -M 1a-bter author -atiirthizted this ~I crepenc~y
- to contamination of the mixtre by -loose deposits on the insi.de wall

of the shock tube.

The agartlon delay times of 3ibtdro~n-air anil various 1~drocaa~bozi-
air mixtur:es as a f unction of tinnem tiue i'beind xidfleated Ahxock var-rez

* ~have -been reported -by various authorsA, cmE-"l-f and hceJ:idM71
5 conducted a -theoreticAl investigation a2 the effMect of xzitrogen gas on

the ignition -delay times of 3Wve-,~-nmxmi- MaW eonan~ded
that it Ias pra. icafly 10 -effectu on -the igition delay -tinfe; -1his
2--su t also agrees -with ex.erimeutal data. -Data, on -%-- ign2!.tion ZOlsy
times of static metbane-air 3dxtmwe =ve genexa22y mnot i-ava-I2Ible ia lthe
Iliteratun'e.
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The conditions behind shock waves driven into flowLig combustible
gas mixtures are of great practical importance because of the potential
application of the detonative c abustion mode in hypersonic ramjet com-
bustors. McKenna• 3 measured detonation wave speeds in flowing (sm-
sonic and sipersonic) hydrogen-o.ygen mixtures. Hamilton14 determined
the shock ignition characteristics of flowing (subsonic) hydrogen-ox!gen
mixtures. In the latter study, it was reported that the shock strength
required to produce ignition of the mixture decreased with increasing
Mach number of the gas flow. Preliminarj experiments with flowing fuel-
oxidizer mixtures at this laboratory revcaled that autoignitions of
these mixtures can occi• even when the total temperature of the flowing
mixture ,s far below the established minimum ignition temperature of
the mixture. In his investigation of the propagation of detonation
waves throg flowing combustible gas mixtures, McKenna reported "ace--

dental detonatiors" which wer.! initiated at various positions along t"
tube for both supersonic as well as subsonric gas flows. Bollinger
et al.'s reported similar phencmena for hydrogen-oxygen mixtures but at
much Lxwer flow velocities. The latter authors suggested that the auto-
ignitions resulted from a catalytic reaction caused by the pyrofuse
ignition. In a study of the ccobustion of hydrogei.-air mixtures in a
supersonic flowstream, Tamagno et al-. ' reported that ignition of ;he
nuixtures occurred at temperatures well below the accepted minimum auto-
ignition temperature of the mixture.

Since flawing explosive gas mixtures are used in the study of
supersonic eceaustion problems, it is imperative that the conditions of
autoig•ttion be tboroug)f understood. It was the basic purpose of this
investigation to study the ignition properties and autoignition char-
acteristics of flowing hydrogen-air and flowing hyarocarbon-air mixtures.
Froa a practical point of view these studies are of great importance
because it can be expected that the results .Il have a great influence
on the design of ramjet combustors.

II. APPARATUS, INSTUMMMON,, AWD MMOD

The investigation consists of three separate studies, each of
Uwhich required different experimental apparatus and instrumentation.
A conventional shock, tube apparatus was seployed to rneasur. the minimim
ignition teeratures and ignition delay times In static fuel-afr mix-
tures behind reflected shock waves. Another shock tube apparatus was
used to measure the minimum ignition temperatures and the ignition II
delay times of flowing fuel-air mixtures. In this case, shock waves
were. driven into the flow-in w-tures. A third experimental apparatus
was used to study the apr oi, ion operties of frel-oxidizer mixtures
wfMhout assistance frt •- e ks.-. tube. The details of these experimental _
set-ups, and the coresy%;.:•ing instrumentation and operation are dis-
Sc• in separate paxa phs bel• •.

2 [1
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f I A. CONVE•IO4AL ZWOCK TUME APPARATUS

Figure 1 is a sketch of the conventional shock tube apparatlis and
instrumentation used for the measurements of the ignition temperaturres
and delay time of fuel-air mixtures behind reflected shoci waves. The
driver and driven sections of the tube have an inside diameter of 8.4
cm and are 3.5 and 5.8 meters long, respectively. Mylar burst dispbrago
-erved to separate the driver and driven sections. Helium - N2 - Ar gas
mixtures were used as the driver gas. The fael-air mixtures being in-

i veatigated were prepared in a high-pressure vessel. This vessel %as
pressurized firsý with the oxidizer and then with the fuel to provide
the desired fuel-to-oxidizer mass ratio (perfect gas conditions were
assumed to apply). After both gases irere introduced into the ,ylinder
the gases were mixed with a paddle wheel agitator. The initial pres-
sures of the drivxen gas were selected to produce the desired pressure

i • behind the incident shock (or rexlected shock). AUl initial pressures
were measured with Wallace and 'Tiernan abrolute pressure gages. The
conditions of temperat-re and pressure behind the shock wave were cal-
culated by means of the normal shock relations with the measured
incident shock speeds. The arrival of the incident shock wave was
indicated by platinia strip themnal gages which were separated by a
known distarce. From the times (measured with the aid of an oscillo-
scope) required for the. shock to traverse the distance between the two
probes the shobck speeds were easily determined. Ignition of the mix-
tures as ascertained by monitoring the radiation from the flames with
an RCA 1;?28 photcmultiplier tube. Ignition delay times were determined

(detected by a platinum strip thermal gage) and Passage of the combus-
tion wave past the same location (as detected by a photavultiplier tube).

1 B. APPARATUS FOR DRIVING A SHOCK WAVE
INTO FLOWING GAS

Figure 2 is a sketch of the apparatus to study the minimnum ignition
temperatures and ignition delay times of flowing combustible gas mix-
tures. The system consists of a flow-metcaring and flow-control apparatus,
a rixing chber, a flow nozzle, a flowing gas tube, and a shock tube
assembly. ___

The faiel andcpxdizer flow rates were metered with sharp-edged.,
flat-plate otrifie flow meters. The flow meters were of the "pipe tap
Sde3ign' and. confomed to the American Gas Association (AGA) and American
Society of Mechanical Engineers (AHME) standards. 17 The nominal inside
diameter of the tubee was 5.0 cm. The gas pressmre in the meters wasregUlated with Grcve Dome lressure regulators, while the mass flow
through the systea vas throttled by means of Aviln control valves. The
pressure irop across the flat-plate orifice waz -. asured with a Barton
differential pressure indicator, while the gas pressure ias measured by
a Bourdon pressure gage.

I
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The nozzle assembly was used to produce the desired Mach numbers
of the flows of the combustible gas mixtures in the flow tube. The
channel through which these flows were passed consisted of a housing
capable of holdiig various axisymmetric nozzles for supersoniýc and sub- ll
sonic operation. These nozzles were made of copper to reduce the po
sibility of burnout when the combustible mixtures ignited.

Three different length flow-tube sections were used in this study.
The lengths of the tubes depended on the desired Mach number (from
Panno flow theory1 8 ) and the characteristics of the combustible mixture
bein, studied. The lengths of the three sections used were 2.9, 2.1,,
and 0.6 met,_rs. The flow tubes were constructed frcm stainless steel
tubes having an inside diameter of 4.25 cm and an outside diameter of
5.0 cm. This particular inside diameter was selected since it is close
to the tube diameters of other re searchers making similar studies.
Moreover, it was reported by Bollingr that sizes smaller than this
value can have significant wall effects. The inside surface of the
tube was polished to avoid disturbances of the gar flow.

Pressure transducers and heat transfer gages were used to measure
the speed of the shock wave at different positions in the flow tube.
The probes were located to permit measurements of the shock speed at
the exit of the flow tube as well as at various upstream positions.
The former probe position was used primarily for the minimumn ignition I
temperature studies while the latter positions were used primarily for
the ignition delay time studies. Ionization probes were used to detect
the point at which ignition of the mixtures occurred and to measure the
speed of the cumbustion wave. The times required for the waves to.
traverse the distance between the probes were obtained from oscillo-
scope traces in the usual manner. I

The Mach number of the gas fl(' at various positions along the
flow tube was determined from pressure measurements at the inlet, the
center, and the exit of the flow tube.

The inner diameter of the shock tube was the same as that -%f the
""'l tube. For the experiments with hydrogen-air mixtures the snock
tube consisted of a 0.75-meter driver section and a 1.2-meter driven
section. Measurements in methane-air and ethylene-air mixtures were
made with a shock tube having a 1.22-meter driver section and two
driven sections 2.0 and 2.75 meters long. The increased length of the
shock tube for the latter systems was neeessary, because these systems
have longer ignition delay times and therefore require greater test
times. Wy&-ogen or helium gases were used as driver gas (depending on I
the shoaiedgas temperatures required). Mylar diaphragms were used for
the lower shocked-gas temperatures, while scored aluminn diaphragms
were used for the higher temperatures. Air was used as the buffer gas in fi
the driver section of the shock tube for the hydrogen-air and ethylene-
air experiments. hitrogen gas was used as the buffer in the driven
section of the shock tube for the mathane-air experiments since the U

6 I
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I shocked-gas temperatures for this study were very high and Ignition of
the hydrogen driver and a.r buffer could occur. A thin alrnimu foil
diaphragm was placed over the exit of the shock tube to prevent the
flowing combustible gas mixture frau diffusing into the driven section
of the shock tube.

j The experimental data collected fc.r the ignition temperatures and
igintitn delay times in flowing mixtures included the time incranents
required for the shock or combustion wave to travel between the sensing
probes (ionization gages. platinum strip thermal gages, and Kistler
piezoelectric pressure trmsduccers). The times were measured with two
Tektronix Stornge Oscilloscopes (Type 564) and a Dual Beam Tektronixj Oscilloscope (Type 555) in the usual manner.

The procedure rsed to conduct the experiments for measuring the
n inimum ignition temperature and the ignition delay time follows. The
fuel and oxidizer gas flows are adjusted to the proper values to pro-
duce the desired fuel-oxidizer mixture ratio, mass flow, uAd Mach mn-
ber at the exit of the flow tube. The driver section of the shock tube
is pressurized until the diaibragn seperating the driver and driven
section ruptures (breaking press-ore is dependent on the diapbragm
thickness). The shock wave moves trough -.he driven section of the
shock tube and breaks the thin albumtimi foil EA the exit of the &hock
tube. The shock wave then tr•verses the space between the shock tube
exit and the exit of the flow tube (ma-imum distance = 5.0 cm for the
M = 1.8 flow). The shock wave then passes through the flowing gas
mixture in the flow tube. The speed of the wave in the flow tube is
measured by the sensing probes. The igniticn delay times are measured
in a manner similar to that described in Pert A of this section of the

l report.

IC. AUTOIG=ION APPAIUTUS

The flow control and metering equil•ment was essentially the am
as that used for the determination of the ignition properties of flow-
ing gas mixtures (described in Part B of this section). Figure 3 shos
the arrangenent which was used to test the flowing mixtures for auto-
ignition. The design consisted of individual fuel and oxidizer inlets
at the base of the mixture tube. The bastc inlet configuratioa is
depicted in Figure 3% while alternate coutigurations are depicted
schematically in Fig. 3b-3e. The fuel and oxidizer inlet tubes were
0.8 cm inside diameter (stainless steel) while the mixing tube was
2.25 am inside diameter (also stainless). The lengt of the mixi
tube was -iaried from 6.3 to 50.0 cm.

An apparatus was designed to indicate the presence of electrically
charged particles in the flowing combustible gas mixtures. This appara-
tus was similar to the basic flow configuration equipuent (Fig. 3a) and

I had a mixing tube length of 61 cm. The charge sensing device consisted

17
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of (1) an electrostatic pxýbe and (2) a pair of electrostatically
charged plates.

Jj The experiments were conducted by first stabilizing the oxidizer
(air or oxygen) and then adding the fuel (hydrogen). A wide range of
fuel and oxidi. -r flow rates were checked to establish the autoignitionS characteristics with the various tube designs. The charge det.ction
experiments were conAucted with nonpremxed gases to avoid dEasge in
case of autoignition. Thermocouples and piezoelectric pressure trans-

ducers were used to measure the temperature and pressure variationsI [7' within the feed lines and mixture tube.

lii III. REULTS

H The various investigations were carried out with ecomercial gues.
The sources and the manufacturers' analyses of these gases are listed
in Appendix I. The initial conditions of the flowing mixtures were
determined from nozzle theory and Fanno flow theory.' 8 The conditions
ol. the ihocked gas were calculated from normal shock theory and from
measuremyos of the shock speed. The shock tube and the flow tube

H rwera separated (Fig. 2) a distance such that the end of the sAock tube
did not affect the gas conditions (pressure, Mach rmber, etc.) at the
exit of the flow tube. To correctly evaluate the conditions of the
gases behind the shock wave as it passed into the flow tube, it was
necessary to know the nature and the form of the shock wave as it
passeC. t4rough the gap between the two tubes. Schlieren stop-action
photographs were taken of typical strength shock waves as they passed
through the gap into varying gas flows. The speed of the sAock wave
leaving the shock tube was approximately 700 m/sec. Figures 4, 5, 6,
and 7 show the nature of the shock for gas flow Mach m~bers of 0.0,
0.36, 0.V4, and 1.8, respectively. The gap distances for the various
flow cases are given in the figures. For the propagation of & normal
shock wave into static air (M 0 0, Fig. 4), the normal shock surface
at the axis of the systen decreases in size and the wave becomes cza-
pletely spherical after traveling a distance of approximately 5 ca.
For the M = 0 experiments, however, no air gap was necessary aud it
can be expected that the shock is normal in the driven section. For
the flowing gas cas'es, it is seen frm Fige. 5-7 that the shock wave
traverses the gap between the two tubes in an essentially normal
fasbion. It can, therefore, be expected that the shock wave in the
flow tube is also normal. Of course, losses at the gar- will decreaee
the shock strength. The latter, however, is of no particular signific-
ance since the shock speeds were measured in the flow tube. Measure-
ments shoved that the decrease in shock speeds for the systeu with aItbe gap were kbout the same as those without a gap. For the Mach 0.36
and 0.94 cases, there is some- evidence that the gases are resonating in
the gap region.

9
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A. SHOCK IGNITION TIMFRATURS

The miniium shock ignition temperatures of various flowing fuel-.
air mixtures are tabulated in Tables II, and II. The minimum igni-
tion temeratures of flowing stoichicmetric methane-air and stoichio-
metric etbylene-air mixtures at 15 atm pressure are approximately 940°K
and 7400K, respectively. A study of the pressure dependence of the
ignitiou temperature of static stoichimaetric methane-air mixtures as

zmade. The results of this iwestigation are plotted in Fig. 8 and

tabulated in Table II.

Results of the minimum ignition temperature measurements as a
function of initial fLcvw Mach number for various hydrogen-air mixtures
ere plotted in Fig. 9 and tabulated in Table I. These data indicate
that over the pressure range studied the minimum ignition temperature
is dependent on the particle speed. The effect of pressure on the
static ignition temperature of the stoichiometric hydrogen-air mixtureLi was also studied and the results are tabulated in Table I and plotted

S~in Fig. 10.

B. IGITI( DELAY TIMES

The proaucts of the ignition delay time and the oiygen gas concen-
tration of the stoichiametric hydrogen-air, the stoichicuetric methane-
aifr_ and the stoichiametric ethylene-air mixtures for various tempera-
tures are plotted in Fig. l1, 12, and 13 and tabulated in Tables IV, V,
and VI, respectively. These data include the ignition dclay times of
both flowing as well as static mixtures. As can be seen from these
figures, the ignition delay times of the methane-air and the ethylene-
air mixtures are dependent only on the static temgerature and the oiqgen
gas concentration. Equations of lines representing mean square fits of
the data points are gi-en in the figures. Scatter of the data points
is believed to be caused by flame spinning which iU kaown to occur r
low-temperature burning. Ignition delay times of hydrcgen-air mixures
were also observed at temperatures below 85f0 K for flowing mixtures.
These temperatures are below the minimum ignition temperatUre of static
hydrogen-&ir mixtures.

C. AMtOIGNITIC -,D MMT

Spontaneous ignitions of flowing hydrogen-oxygen mixtures were

investigated for a variety of flog rates, and inlet geometries. A
aystematic study of the autoignittor pienamenon of this mixture was
undertaken with the apparatAs bhown in Fig. 3. To avoid the accumula-
tion of large amounts of unburned bael and oxidizer in the test bay,
the oxidizer flow waa always established first and, thereaftar, the
fuel was added. Inlet c:.-ifigurations other than the diznetr.cally
opposed case (offset and vAial variations, shown in Figs. 3b-d)
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3 Table I - Shock Ignition Temperatures of Hydrogen-Air Mi.xtures

Mi % H2  Tig(°K) 10 2 (°K) P2 (atm) U2 (mps) M2 14  Ti(°K)

I Flow System Data

0.0 29.6 538.6 659.5 5.32 585.0 1.068 2.21 288.0
0.36 29.6 534.7 595.0 5.08 422.8 0.775 2.15 295.1
0.94 18.4 783.7 908.0 13.58 563.0 0.902 3.29 2:57.8
0.94 25.0 621.8 680.0 9.55 386.7 0.667 2.75 259.8
o0.94 29.6 601.1 652.0 9.00 375.4 0.650 2.69 257.8
0.94 45.0 605o.0 656.0 9.70 424.8 0.648 2,705 257.7
1.78 25.0 774.7 8)4•.o 7.71 437.3 0.685 4.039 188.5
1.83 29.6 757.0 818.0 7.80 427.9 0.659 4.048 384.0
1.76 33.6 705.5 746.0 6.87 412.1 o0652 3.76 7-80.0
1.72 45.0 684.4 734.5 6.75 419.6 0.610 3.726 288.3

IP (mm .1jg) % H_ Tig(OK) P2(M Hg)

Conventional Shock Tube Data

50.0 29.6 1700.0 417
190.0 29.6 640.0 1370
517.0 29.6 570.0 2845

P . ( M g) % Ha Tig.(OK) P,(mM Hg)

Conventional Shock Tube Data

50.0 29.6 800.0 910
100.0 29.6 800.0 1830
16o.o 29.6 800.0 3040
200.0 29.6 860.0 4520
375.0 29.6 850.0 7910

U
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Table II - Shock Ignition T~mperatures of Stoichiometric
Methane-Air Mixtures

4Mi Tie(*K) T 0 2 (°K) P2 (atm) U2 (Mps) M2 Mw Ti(°K)

SFlow Sysl;en Data rj

0.33 943.0 1200,0 16.12 898.0 1,453 3.80 272.4
0.90 923.7 1162.0 19.92 743.4 1.214 4.C8 243.3

S[II

P1 (m lig) P T(atn) Tig(°K)

Cuinventional Shock Tube Data

30.0 1.735 1100.0
4m.o 2.095 1100.0
60,0 3.00 1100.0320 ) 7.55 1115.0

280.0 13. 4  1015.0
"35o0.6 15.2 960.0

Table 111 - Shock Ignition Temperatures of Ctoiehiametric
Vtaylene-Air Mixtures

Mi Tig(0 K) To2( 0 K) P2 (atm) U 2 (mPs) M2  Mv Ti(OK)

Fnow Syst em D at a

0.33 ?47.6 967.0 iu.62 699.4 1.298 3.20 277.9
090o 746.0 892.0 15.03 570.7 1.053 3.51 244.3

p1(mm )g) Pr(atm) T1g(°K)

30 1.075 915

300 6.70 730
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1Ttble IV - Ignition Delay Times of Stoichimetrie Hydrogen-
Aix Mixtures 'Flow System Data)I I= 2B4 gm/seC =lr- 0. 704 To=278*K

j = 5.142 gI/sec i 0.296 Tii = 272°K

Mi,in = 0.325 Piin 1.062 atm Tix = 271K

Mi,x = 0.36 Pi,x = 0.997 Man

T 10°K) 10(a) [0 22 1r x 10' 300i/2
(mol/*) (4sec) (sol gsee/9) (OK-l)

759 11.00 0.0262 153.0 4.00 1.317
778 11.45 0.0267 170.1 4.52 1.285
897 14.10 o.0284 84.1 2.38 1.150
930 14.75 0.0287 54.4 1.56 1.075
930 14.75 o.0287 85.5 2.45 1.075
742 10.65 0.0259 192.5 4.98 1.348
724 10.22 0.0254 108.3 2.75 1.382

1051 17.45 0.0300 28.6 0.858 0.952
564 6.74 o.o216 153.0 3.30 1.713
564 6.74 0.0216 236.0 5.09 1.7731571 6.91 0.0220 P01.0 4.42 1.750
564 6.74 0.0216 153.0 3.30 1.773
547 6.41 0.0212 175.5 3.73 1.828
972 15.08 0.0286 91.0 2.60 1.03
910 13.77 0.0273 159.0 4.35 1.10
622 7.63 0.0222 166.0 3.68 1.61
735 il.01 0o0244 94.0 2.78 1.36
735 10.01 o.o244 121.0 2.96 1.36
612 7.39 0.0217 157.0 3.4 1.63
1010 15.86 0.0282 31.8 0.898 0.99
1010 15.86 0.0282- 55.5 1.56 0.99*
1010 15.86 0.0282 39.7 1.115 0.99
1)909 16.26 o.0287 16.3 0.467 0.918
1090 20.76 0.0287 20.8 0.598 0.916*
816 11.53 0.0254 70.9 1.8 1. 25
877 12.81 0.0265 4o.8 1.85 1.1V4
795 U1.09 0.0251 76.9 1o97 1.26

*1Data obtained at second ionization probe detecting ignition.
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Table IV - (Continued) a
Ignition Delay Times of Stoichicsetric Hydrogen-Air Mixtures
(Conventional Mhock Tube Data, T, 300°K)

p-,( Hg) ,r(OK) Pr(atm [ ,)
(mo/it) (4sec) (mol psec/f) (oK- 1)

50 1135 2.50 0.00398 40 0.159 0.882 j
50 988 1.86 0.00341 260 0.867 1.013
50 2107 2.38 0.00389 442 o.263 0.904
50 io7 1.97 0.00345 310 1.07 0.993
50 967 1.8. 0o.00338 260 0.879 1.035 I
50 1030 2.06 0.00362 100 0.362 0.972
50 1135 2.51 0.00398 60 0.239 0.882
50 1158 2.60 0.00bO4 40 0.162 0.863
50 965 1.81 0.00338 !4o0 0.473 1.035
50 920 1.6o o.oo316 92o 2.91 i.o96
50 955 1.76 0.00332 280 0.930 1.047
50 980 1.86 o.o0343 200 o0686 1.02150 994 1.92 0.00349 200 0.715 1.oo6
50 2082 2.28 o.o0279 80 0.303 0.924
50 2046 2.14 0.00370 32 0.118 0.956
50 997 1.93 o.00349 80 0.279 1.005 I
50 905 1.58 0.00317 130o 4.a2 1.I0
50 1015 2.01 0.00357 80 o.286 0.985
50 905 1.58 o.oo3j4 920 2.89 I1.03
50 885 1.51 o.00308 3540 10.9 .-130
50 825 28 0.0o280 4470 22.5 L.210
50 -185 1.195 0.00264 58340 15.4 1.270
140 1015 5.63 0.00560 50 0.28 o.98B5
80 1055 3.4-7 0.00592 o 0.296 0.950

220 840 3.20 0.00688 4A0c 32.6 1.10qO
120 855 3.34 o.o0(05 2950 20.8 1.170
100 810 2.46 0.00548 3100 17.0 1.230
160 825 4.07 0.0o889 2980 26.5 1.210
16o 815 4.o0 0.00885 3840 34.0 1.230
160 870 2.89 0.00596 3860 23.0 1.150

.AO 830 2.58 0.00o61 3600 20.2 3.205
100 878 2.97 0.00613 2300 14.1 1.140
2o0 812 2.48 0.o0551 2160 ]1.9 i.230
iMo 847 2.73 0.oo589 4310 25.4 1.180
1o0 830 2.60 0.00563 4580 25.8 1.205
100 790 2.34 0.005,4 4360 23.3 1.267
1w 765 2.39 0.00562 8340 16.9 1.305
200 913 6.43 O.2-27 1DO0 32.7 1.9m' I
200 875 5.87 0.0120 2200 26.5 1.14o
200 89; 6.17 0.0i25 2900 36.2 1.220
170 905 5.36 0.-0o 3200 12.8 1.100
350 905 11-05 0.0219 1700 37.2 1.00 I
V6 852 ic.4o 0.0219 2280 50.0 1.172

50 885 1.5o o.003o6 1805 5.52 1.130
50 90D 1.56 0.00317 1550 4.92 1.110
50 965 1.82 0.00338 745 2.52 1-030
50 7M 2.24 0.00377 35 0.132 0.935
50 1003 L96 0.00317 331 1.15 0.997
50 1035 2.07 0.00364 55 0.20 o 0.967
50 835 1.32 0.00265 2490 7.1 1.2
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lTable V - Ignition Del-y Times of Metbane-Air Mixtures

'XafiT 558.4 OR/.Sec i 0-=O905 2

~1~324.gm/sec TicHtr= 0.095 Ti,ii = 260*1

Xi = 0.62 Pisij = 1.592 atm Ti = = 243*:

= 0.90 TiX = 10.O0 Pt

Yý? CO°.) P2 (Stm) [o!2] ) T x IoP IGD YTý

P923.8 19.9 0.0497 1598 7.95 1A83
923°8 19.9 0.0497 1715 8.53 I.DB3'946.4 20.6 0.0509 15•8 8.00 1.057
94e6.4 20.6 0.0509 2090 10.•"0 31.057y-

1020.0 22.8 0.0520 13140 6.,95 0-.ýO
1020. 22.8 0.0520 1)425 7-14o0. -%.980*
2025.0 23.1 0.0523 1-430 7.48 6
1025.0 23.1 D.0523 1970 oD.0 0.574
2028.0 19.85 0.047- 1970 9.35 o.q73

Lar-7.,8.22 sm/sec qax= 0.905 71 = 7*
fl ~r~20.3 5 gu/sec 1 =0.095 Tj = 273ýK

U Mjj 7 = 0-31 i,,i = 3-02B atm a j = 27201K

.4- x = 0.33 P1x = 0.979a lm

T 2 C O-K ) P 2 ( S t M ) M -1 i ( p z : ( 3 16 5ec 2

967.0 L6.8 0.0403 1559 6.03 1.035S1z"6.0 23.6 0.0448 637 2-V85 n ý825
2206.0 23.6 o.O4148 834 3.72 0-829w
1045.0 18.95 0.0458 120 5.50 o.947
-045.0 3B.95 0.0458 1385 6.33 0.9m17*
967.0 16.8 0,0403 15.59 6.03 1.035
967.0 16.8 0.0403 2049 8.25 1.035
943.0 16.1 0.0394 18"4 7.28 1-nlu
943.0 16.1 0.03"t 1712 6.80 -o6o,982.0 17.2 0.0327 2L66c 6.73 1.020
982.0 17ý2 0.0327 1750 7.1o 1.020*

II *Data obtained at -econd ionization probe detectirjg Ignition.
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Table,( Continued)U

(Conventiounal Shock~ 'Awa Data)
ission Data: Metbane-Oxygen-Nitrogen (9.51:19.0:71-49)

P1 (rm Hg) Tr(°K) Pr(atm) [mO] ¶ [02]¶ x iae MO00/Tr)
____________(mozl/) (•iseo.) (mol isec!L ) (ov1)

20 1570 2 32 0.003,43 466 1.595 o- 637
20 1525 2.21 0.00332 6r1 2.05 o.6c%
20 1540 2ý24 0.00337 306 1.03 0.649
20 1410 1.92 0.00316 v95 2.64 0.709
20 1570 2.32 0.00343 425 1.435 0.637
20 1370 1.78 0.00302 1108 3.34 0.729
2- i14.10 1.92 0.00314 1145 3.58 0.709
20 1650 2.61 0.00366 145 0.53 0.606
20 1520 1.91 0.00292 520 1.52 0.658
20 149C, 2.1). 0.00328 1n35 1.43 0.672

20 1520 1.92 0 10306 725 2.22 0.658
20 1360 1.76 0o•w300 1170 3.5 0.735
20 1375 1.8 o.0o304 1130 3.44 0.727
20 1250 1.50 0.00280 2750 7.68 0.8oo
20 1230 1.47 0.00276 2370 6.55 0.813
20 157,0 2.32 0.00344 480 16.5 0.637

280 1065 15.1 0.0329 4000 131.7 0.939
280 060 15.1 0.0331 1430 47.3 0.944
280 1000 13Ak 0.0311 1490 46.4 1.000
350 960 15.2 0.0368 m480 150.0 1.o42
280 1055 14.7 0.0323 1630 1426.0 0.949

60 1360 3.30 0.00914 690 6.3 0.735
50 1230 3.60 0.0088 1580 10.7 0.814
60 1385 4.06 0.00795 1370 10.9 0.843
60 1155 3.80 0.00762 1654 12.6 0.866
60 1120 3.55 0.00735 2640 19.4 0.893
60 1115 3.32 0.00719 2930 21.0 0.930
60 1040 3.08 0.00688 3100 21.3 0.960
60 1030 3.00 0.00616 600) 40.6 0.971
80 ]LC; 4.88 0.0099 280o 27t7 0.873
80 1100 4.46 o.0094 2130 20.0 0.908
90 1080 4.85 0.0104 3000 31,2 0.926
95 1180 6.18 0.0121 1950 23.6 C.925
98 1265 7.41 0.0136 900 12.25 0.79
98 1138 6.45 0.0)26 2360 29.7 0.842
100 1160 6.25 0.0125 2450 v0.6 0.862 I
115 1155 7.13 0.0143 .5") 12.1 0.865

120 180 8.50 0.0167 1.700 28.4 0.847
120 1130 7.72 0.0158 6200 98.0 c.884
120 16 8.15 o.016: 1900 31.0 0.862
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Table V (Continuid)

P3 (m• g) Tr(°K) Pr(atm) [0 2 h x W 000/Tr
(molt) (psec) (mol 4sec/t) (0x-1 -

40 1350 3.40 o.oo585 400 2.3k 0.74
45 1225 3.16 0.o0598 820 4,.92 0.816
45 1216 3.14 0.006o 2780 16.6 0.823
Ia3 1125 2.89 0.00595 3090 18.4 0.889I 110 1225 7.74 o.o146 2170 31.7 3.815

no 0 205 7.50 o.ol44 1700 24.5 0.829
112 1080 5.91 o.o127 4330 55.0 0.926
272 875 9.10 0.00241 5200 226o0 .14
30 1460 3.o4 o.oo484 350 1.69 0.694
30 1535 3.40 0.00514 250 1.2P 0.651
30 1570 3.47 0.00513 115 0,59 0.637

S30 1530 3.20 0.00495 270 $.34 -0 .667
30 1385 :.72 o.00456 530 2.- 0.72Z
30 1340 2.57 o.0014o 5 1430 6.35 0.?6
30 1250 2.25 o.oo418 1085 8.3 0.80
30 1360 2.63 0.00449 1130 5,08 0.735
30 3280 2.37, 0.004,. 116o ?7.6 0.?B2
30 1260 2.29 0.00423 3290 13.9 0.793
30 12.55 2.27 0.0042 1950 8.19 0.796
30 1310 2.45 0.004•3• r70 7.69 0.763
30 126o 2.29 o.o0423 2500 10.6 0.793
30 1250 2.23 o.o0418 21400 10.1 0,800
30 1375 2.70 0.00456 83' 3.78 0.7?7
30 151C 3.24 0.00497 68L. 4.37 0.662

_ 30 1420 2.86 0.0468 740 3.47 0.704
30 121o 2.07 0.00398 1=00 15.9 0.827
30 1275 2.29 0.oo4.Yj 2360 9.85 0.784
30 1275 2.29 0.00417 26oo 1o,8 0.784
30 1115 1.8 0.00375 4950 18.5 o.898
30 1155 1.92 0.00386 4760- 18.3 0.865
30 1105 1.76 O. 0037{0 4550 1-6.6 0.90530 1125 1.82 0.007-4 37450 '.0 0.89
30 130 1.84 0.00378 27650 o.4 0,88.5
0 n153 2.55 o-oC511L Z)70 15.3 0.867

S40 1125 2.42 oxo0•99 3550 17.7 0.888
40 1130 2.45 0.00,Q3 41.5o 20.9 §o.885
4o 1060 2.13 0.00466 R330 15. 50 O.c~4
40 1080 2.21 0.00473 3940 18.6 0.926
40 1532 4.40 0.CO70 180 1.2 0.653
40 1490 4.20 0.o0652 '475 3.1 0.671
40 1325 3.37 0.00590 970 5.72 0.755
40 1490 4.21 0.00656 745 4.9 0.671
40 1455 4.00 0.00637 1050 6.7 0.687
40 1275 3.10 0.00565 1560 8.8 0.78,4
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Table V - (Continued)

P, (mn i g) Tr(0 K) Prfattm) t% I [GaIt x C 1000/Tr
_____)T______ ( mol/) (4sec) (mol 1 sec/•) (0K-1)

40 1270 3.JD O. 00565 1650 9.34 0-767

110 1236 2.92 0.00548 1790 9.8 0.810
40 1220 2.87 o.oo545 2280 12.4 0.820
40 1190 2-71 0.00528 2370 12.5 0.840

100 1250 7.50 0.0139 2200 30.6 0.80
i00 1255 7.57 0.0139 1390 19-IL 0.795
i10 1195 'f.53 o. 0146 2070 30.2 0.837
150 1228 10.85 0.0205 _q0 7.8 o.8P.
155 1.80 10.30 0.0203 i6710 33.8 0.847
200 M~67 1U.05 0.024O 1930 46.4 0.938

75 1250 5.63 0.0104 15SID 16.6 0.800
30 1310 2.4-9 .00441 IJ20 4.94 0.764
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Table VIr - Ignition Delay Times of Etbylene-A-iT Mixtures
(Flaw System Data)

I ,184. gm/sec "q12 = 0.93h/5 Tio = 283K

c. = 12.5 gm/sec c = o.= Ti~in = 8*K

flMiin = 0.31 Piin - 1.054 a T i = 2T7iK

MiX - 0.33 Pi,x = 1.003 atm

I T2 (0 K) (ai) [0q] f 2O]r x 10s 1000/T2T2( K, 2 otnImo/ ) (ps e) . (tool ,ps ecl )C- )

747.0 n.65 0.0372 1 51,60 1.340
1039.5 18,65 o.01428 137 5.86 0.967

8144.0 13.95 0.0394 995 39.20 1.385
844.0 13.95 0.0394 1037 40.80 1.3S5
747.0 ui.65 0o0-372 1430 53.20 1.340747.0 11.65 0.0372 1546 57.70 1.340*S767,.0 12.10 0.0375 1021 38.40 1.305

(67.0 12.10 0.0375 1060 39.6o 1.3o5*
825.0 13.53 0.0392 757 29.60 1.22t
8-25.0 13.53 0.0392 778 30.50 1.232
803.0 32.93 0.0386 807 31.00 1.255
803,0 22.93 0.0386 807 31.00 1.255*

1200.7 2P.55 0.0447 48.1 2.10 0.833
.200-.7 22.55 ej.oA 28.9 1.29 0.833] -39.5 19.65 0,0126 191.7 8.18 0.962
1-8.4 19.61 0.0435 55.6 2.42 0.9B

111]565.-13 9m/sec Tl, 0.93146 Ti0  " "7K
xn : 38.3 g /sec ic 4=0o.o654

Mi,i = 0.62= 1.627 at= Ti,X = 244K

Mi,x = 0.90 PiIx = 1.072 ata

1] 1075 24.6 0.0548 184 10.10 0.93

990, 0.0537 97 5.2v 1.01
F 1075 24.6 0.0548 1142 7.79 0.93

1172 27.5 0.o561 139 7.8 0.85
82 -,9 1?.45 0.0502 R29 16.50 1.207
795 16.42 0.0494 762 37.6o 1.26
826 17.35 0.0o99 237 11.85 1.21

V15
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Table VI - (Continued) U
Aafr = 184.38 gm/sec 'air 0.9568 Tie = 283°K

M2H4 = 8.065 gm/sec •C2 H4  0.04322 T,in = 278°K | I
Mi,,in = 0.31 Pi,in 1.0.54 atm Ti,x = 2'77K 1-

Mi,x = 0.33 Pi,x = 1.000 stm

T2 (0 K) p2tm) [021 ( [0 2 1- x I0C !0C0/T2,
T2y P at) (MOl/) (4sec) (mol psec/ge) (~

1042.5 18.7O 0.044 274 12.10 0.959
1042.5 18.70 0.044 165 7.26 0.959
977.2 17.10 0.043 116 4.98 1.023
977.2 17.10 0.O43 107 4.60 1.023"*
870.1 14.50 0.0409 235 9.61 1.150*

1W02.5 18.70 0.044 183 8.06 0.959
1042.5 18.70 n.o44 155 6.82 0.959*
920.2 15.75 0.042 319 1.3.40 1.087 i
920.2 15.75 o.042 216 9.02 1.087*
870.1 14.50 0.01,09 362 14.80 1.150
828.4 13.50 0.040 635 25.40 1.208
920.2 15.75 0.042 648 27.40 1.087 I
920.2 15.75 0.042 604 25.70 1.087*
720.0 10.90 0.0374 1013 37.70 1.389
720.0 10.90 0.0374 1013 37.70 1.389* 1
720.0 10.90 0.0374 1097 41.00 1.389
720.0 10.90 0.0374 1223 45.80 1.389

*Data obtained at second ionization probe detecting ignition
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Table VI - (Continued)

(Conventional Shock Tube Data)
(Emission Data: Etbylene-Oxygen-Ilitrogen (6.54:19.63:73.83)

SP
1 (rmn Hg) Tr(0K) Pr(atm) [002 "[ x lcP 1000/Tr

(mol/.) (psea) (mol LLsec/i) (o~ 1)

204 1140 12.75 0.0267 170 4.54 o.876

300 982 13.50 0.0328 9"20 30.2 1.018

295 942 12.07 0.0306 1210 37.0 1.062

296 876 10.28 0.02805 1550 43.5 1.141
296 857 9.74 0.02715 26oo 70.55 1.a68
300 830 9.08 0.0262 3200 63.7 1 A

296 827 8.88 0.02565 4000 102.6 1.21

300 773 7.70 0.0238 6430 153.0 1.29

298 767 7.49 0.02333 5230 124.0 1.306

300 732 6.71 0.0220 6870 151.0 1.369

525 850 16.9 0.046 2790 128.0 1.18

475 893 17.2 0.0447 1300 58.2 1.12

15 1250 1.132 0.00216 40 0.0864 o.8

15 1145 0.942 0.00195 240 0.47 0.873
15 1153 0.865 0.00194 270 0.523 0.865

15 1320 0.903 0.00192 730 1.4 0.892
15 1058 0.800 0.00179 1430 2.56 0.945

15 965 0.652 0.00160 2280 3.65 1.036

15 1035 1.062 0.00210 45 0.0945 0.826

15 1150 i.4C 0.00199 12 o. 0234 0.716

30 121o 2.12 0.00418 25 o.1l45 o.829

30 .1175 1.99 0.0144 220 0.89 0.852
30 1215 2.14 0.0042 40 o.168 0.823g 30 1175 1.99 0.004o4 190 0.44 0.852

30 1085 1.68 0.00369 830 3.06 0.922

30 1155 1.92 0.00296 160 0.632 0.865

30 1066 1.62 0.00364 1150 4.18 0.938

30 915 1.15 0.00303 7350 22.2 1.09

30 980 1.34 0.00320 3260 io.4 1.02

30 990 1.38 0.00334 3870 12.9 1.01

Absorption-OH
30 L120 1.81 0.00383 650 2.5 0.893
30 1042 1.54 0.00354 1940 6.85 0.960

U 30 990 1.86 0.00392 350 1.37 0.881
30 1087 1.69 o.oo37o 45o 1.67 0.920

1140 1.87 0.00392 60 0.236 0.877
100 965 4.35 0.0108 3300 35.6 1.037
100 865 3.34 0.00925 4900 45.2 1.16

8O 1035 4.05 0.00935 950 8.9 0.965

70 1100 4.02 0.00875 360 3.16 0.910

] 31H

I, ___________________________________ _______._____-________________
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Table VI - (%ontinued)

P.(, Hg) Tr(Oi) pr(atm) E02] . - r021 X 108 1000/Tr(mol/1) (gsec) (mol, ýisec/.j) K-1

Reflected Shock Etbylene-Oxygen-Nitrogen
(0.327:0.982:98.691)

15 1333 1.05 0.0000954 20 0.19 0.752

1i 1450 1.24 o.0001325 30 0.3074 0.690
15 1312 1.02 0.0000esO 65 o.608 0.762
15 1270 0.958 0.000090 90 0.436 0.789 II
15 1320 0.905 o.oo0o68 155 1.39 0.813
15 1.20 0.750 0.0000805 1470 U.8 o.894
15 1115 0.?A6 0.000080 1330 10.7 0.897-
15 1080 0.700 0.000078 1900 14.7 0.926
15 1175 0.830 0.000085 1000 8.5 0.852 El

r•(M, HS) 2(°K)' 1-2(a[0) [023 T [021 T X 10P 1000/T2,,(mol/1) W•ee) (mol gsee!1) ('r') U
Incident Shock EXtb•len-eOxygen-witrogen

(0.20:4.0:95.8) (mixture studied by White) U

15 1205 0.394 0.000158 750.0 i1.8 0.829
15 1355 o.1460 0.=00166 1468.0 7.76 0.737
15 1i420 0.500 0.000171 760.0 13.0 0.7O4 4
15 1520 0.570 0.000177 27.6 o.4h88 o.658
15 1500 0.550 0.000172 22.0 0.2"8 0.667
15 1170 0.375 0.000156 681.0 1o.6 0.855

U
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I did not produce autoignition. When the basic configuration aplLratus
waa used (Fig. 3a) an-i when the oxidizer f3.w rate was greater than
I400 g/se.,, autoignition of the mixture occiared as soon as hydrogen wasI dnittea. On the other hand when the fuel and oxidizer flows were
staz.4* simultaneously, autoignition occured at approximtely the same

I •i4izer flow rate but oniy after a time delay. It cannot be stated
with certainty that oxygen flow rates of les than 4W0 g/sec would not
lead to autoigniticn. lrever, for mixing Imbes shorter than 6.3 cm,
autoignition never occurred. In another ape•ratus having the same mix-
ing tube diaeter, the fuel end the oxidizem, iflows entered as p3w~ael
jets which were produced by placing a partition into the lower section
of the tube. Althlogh various flow speeds and mixture ratios were
employed, autoigniticn never occurred in this appavatus. However, wben
a sgma flat plate was placed one inch from "he tube exit noma to the
flow, ignition occurred quite readily. it should be e red that
the above autoignition data were taken with the apparatus shown in
Fig. 3. Other geoetries and other scales, could pxde differnt

results. On the whole it was not possible to establish the precise
conditions leading to autoiguition because of the complex natwe of the

i phenomenon.

Possible ionization of the fueel or oxiRdizer gas flew was investi-
gated; however, no ciomificant ioization was detected for -the tlcv
rates of oxygen or air employed in the previous experiments.

Since the basi tube gemcntry shown in Fig. 3a readily produced
autoignition of the hydrogen-oxygen mixtures, hydogen-air mixtures
were also tested in this apparatus. However, no autoignition of this
mixture occurred even at mass flow rates of 500 g/see air and 30 g/seeShydrogen. These flow rates are higher than those required to produce
spontaneous ignition in hydrogen-oxygen mixtures.

With the basic tube -cofiguration shown in Fig. 3a, s
of te temperature and pressure at various positions along the mix-
ing tube and inlet tube lines were made. Thin study revealed -tat at
certain oxidizer flow rates (without fuel addition) signifija- tepera-
ture and pressure fluctuatiois occur in the fuel line near the mixing
-camber. Zones of high tmperature occurred at certain distances frc
the -Li en cl bwer. These hot zones appeared to be produed by a

3 resonance phenomenon in Vie fuel cbamber. A shielded cbromel-alamel
themoccu•le was used to obtain the mixni steady-state temperatre.
Because of the relatively large thermocouple mss,, several ninutes
were required for the thermucouples to reach tenperature equilibriu.
The maximum gas terperature measured for a mix line 50 am long was
770K, 'while for a 6.3 ca long tube the maximr1 temperature measuredwas I075*K (radiation 3osses uot accounted for'). The stagnatizon te-

perature of the oxidizer flow was 290K. The slow resporse of the
thermocouple did not permit the measurement of azW variation of the gas
temperature with time.

3
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The pressure variations along the ftel line were also measureti.
Standing waves of three different freqac cies were observed as a func-
tion of the oxidizer mass flow rate. Resonant frequencies of 600, 750,
and 2000 Hz appeared. The 2000 Hz mode occurred at a flow whicb cor-
responded to that at which spontaneous ignition of the bydrogen-oxygen
mixture occurred and also which prcl'uced the highest gas temperatures
in the ftel line. Sound level meavurenents at the exit of the mixturetube were also taken. At the 3rd mode (2000 Hz), sound pressure levels

of 130 dB were measured.

The above measurements were made in a fuel line which was closed
upstream. The pressure probe was located at 'be closed ead of the liue. I
To establish vhether the same resonance conditions exist with a gas
flow in the resonance chamber, the measurements were repeated with
various flow rates of air through the fuel line. The resonant frequen- I
cies decreased as these flow rates were increased. The 600 and 750 Hz
modes were ellmimted by moderate amounts of counter flow. Figure 14
shows the decreese of freqqency with counter flow for the three modes.
The 2000 Hz mode was intermittent kor fuel line flow rates above 15 g/sec.
Figure 15 shAm the average (due to filtering of the electrlcal signal)
wave shape variation caused by various fuel line flow rates.

Streak schlieren pIotograpbc and stop action sequertial schlieren-
photographs were made of the wave patbern in a fuel line consisting of
a tube with a 0.95 cm-square cross section and a 10 cm Lengtb. Typical
photographs of the pressure-time d-tagrsms at tbe end wall of the
tube are given in Figs. 16 and 17, respectively for the second charac-
teristic mode (750 Hz). The third and mst severe reso-ant mode (2"0O Hz)
could not be excited in this fuel line. Howeier, when the corners of
the base of the f3cIw tube were filleted, the thixd mode appeared. As
seen in the stop action photograpbs (Fig. 16), the second mode is a
series of normal shocks moving along the length of the fuel line. Alsos,
a series of ccmiplicated wave interaction is generated behind the waves.
Each lotograpmh c this figure. represents the resonant wave configura-
tion at a given time after th• main (leading) normaI shock bas reflected
off the back wall of the fuel line abaer. Since the experimental
set-up was such that only a single photograph was possible during each
experin, eac- photograih xerresents a different cycle. Therefore,
the waves and wave interactions vary frc one 3hotograph to another.
Continuous variations of the wa-e fonms fram cycle to cycle are visible
in the press-re traces and streak schlieren photographs (Fig. 17).

4 14
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p:: 70 g/sec Fl
mýRC = 0.0 g/sec

FBC = l 116H P i

Sil

U

270 g/sec
10.5 g/sec I

Fr= 2.629 Hz I
tI

1 = 270 g/sec I
]I! W&M. = 18 .9 g/sec
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I
Time (500 iisec/div)

Figure 15a - Oscillograph Traces of Pressure Variatioms in Fuel
Line as & Function of Mass Flow Rate tbhrouglh Fuel
Line36
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IV. DISCUSSION CF RESULTS

The observation that flowiag fuel-oxidizer mixtures often ignite
spontaneously at temperatures (intatic and total) far below the measured
thermal ignition temperatures of static syctems3 , ,8 has led to the
speculation that the ignition mechanism of flowing mixtures is somewhat [
differeut from that of static mixtures. An investigation of the elec-
trical properties of flowing air end. flowing oxygen gases did not reveal
any significant buildup of electric charges Jn these gases. Moreover, [•
the ignition -delay times observed in flowing mixtures (1ydrogen-air, i
zethane-air, and ethylene-air Figs. ii, 12, and 13, respectively) do
not vary significantly from those observed for nonflowing mixtures.

Therefo~re, The mechanism of igaition of th mixture is not believei to
be altered by the ordered flow velocity. .jwever, the fact that the
gas mixture is moving is important to the basic problem because cf
bydrodynazic phenmea such as stagnation conditions, generation of
waves, and wave interactions (resonance). Th2 shock waves were driven
into the mixtures in a direction opposite to the mixture velocity.
The pertinerr ignition test conditions (temperature, pressure, and
velocity), therefore, are those which exist behind the shock wave.

The mini=m ignition temperatures of flowing hydrogen-air mixtures
obtained by this technique (Fis. 2) are presented in Table I. The I
minimum ignition temperature is a function of the particlz, Mach number
(or partI 2le velocity) and the static pressure of the unburned gas;
graphs depicting these re•ltionships 'ae presented in Figs. 18 and 19.
The data in theane graphs were taken for a variety of hydrogen-air mix-
ture ratios and initial flow Mach nusbers. Only the value obtained
with a very lean mixture (18 perc3nt hydrogen) deviates significantly
from the other measurements.

Pressure is known to have a significant effect on the zfinimum
ignition temperatures of static b•drogen-ox~gen-nit-rogen mixtures.Lewis and von Elbe2 reported three explosion limi, regions as a func-

tion of presagre (shown in Fig. 10). The authors explained these
limits on the basis of reaction kinetics and involve t-he appearance or
disappearance of the H and the HO2 species. Die ignition temperatures
at various pressures for static hydrogen-air mixtures (measured behind
reflected shock -zaves) are tabulated •n Table I and graphically shown
in Fie 1O. These values fall into the high-pressure region (third
explosion limit) and they agree 4uite well with the reflected shock
tube data of Steinberg and Kasakmi° for hydrogen-oxygen mixtures and
with the velues published b.r Craig7 for hydrogen-air mixtures. The
teet times of the present shock tube apparatus vas limited to 7000 psec.
If lo=ger test times had been available, theu it may have betn possible
that lower minimu ignition temperature vs-ues could have been deter-
mined since the ignition delay times are longer for lower temperatures.
Although the observed ignition temperatures are nearly the same as
those reported by Lewis and von Elbe. they do not exhibit the predicted

- - -- ------- ----
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trend that the ignition temperatures in the third limit region decrease I
with increasing pressure.

The minimum ignition temperatures as a function of static pressure
for the case of flowing combbustible gas mixtures ar tabulated in
Table I and plotted in Fig. 18. A comparison of these data with those
obtained in stationary mixtures (also plotted in the figure) shows that
the mini=m, ignition temperatures are considerably lower when tbe gases
are flowing. This observation agrees with the results obtained by
other researchers 3 ,65,1 who used incident, shock waves to measure minimum
ignition temperatures. Craig7 measured ignition temperatures of
hydrogen-atr mixtures behind both incident and reflected shock waves.
For the stoichicmetric hydrogen-air mixture, he obtained ignition tem-
peratures of 4W0 and 8800 K behind the incident (flow) and reflected
(static) shock waves, respectively. The measurements were made atstatic pressures of approximately 1 and 2 atm, respectively. Craig

explained the discrepancy by assuming that flaking of solid particles
(scale) from the tube wall occurred. Belles3 and Fay6 attributed the
variation to wave interactions behind the incident shock wave.

To expmine the effects of the gas flow further, it is wothwhidle
to cceiparf. several of the ignition temperature data points which have
similar conditions. In Fig. 20 these data are compiled for a stoichio-
metric h-drogen-air mixture; Fig. 20a gives the minimum ignition con-
ditions behind a reflectad shock wave. The pressure in this case is
5.45 atm, while the ignition temperature is 860°K. Figures 20b-d give
the ignition tempe3iatures behind incident shock waves where the static
pressure is approximately 7.1 atm. The iinimum ignition temperature

for thes4e cases is 539, 535, and 601°K for conditions where the particle
Mach Lumber is 1.0, 0.75, and 0.65, respectively. The last data point
in this series has a higher ignition temperature, which t&nds to suggest

that the ignition is related to the particle Mach number (veavzity).
For the case shown in Fig. 20e, the minimum ignition temperature was
757°K at a static pressure of 7.8 atm. The particle Mach number for
this case was 0.66. When the particle Mach number, pressure, and tem- A
perature are slightly below these values, no ignition can be expecrtd.
The values of pressure and temperature for ignition of cases shown in
Figs. 20b-d are considerably below those of the latter case. These
data give further evidence that the particle Mach number has an effect

on the ignition of the mixture. No ignitions were observed at tempera-
tures lower than the static ignition temperature when the particle
Mach numbers were less than 0.60 (Table I). Fo'" the result in Fig. 20a
the reflected wave is propagating into a mixt--re having a static tem-
perature of 5400 K. a pressure of 2.7 atm, and a Mac.h number of 1.095.
That this condition did not lead to ignition indicates that the static 4
pressure of the flowing mixture also influences the ignition tempera-
ture of the mixture. F

A graph showing the ignition temperatures as a function of particle
Mach number for all mixtures studied is given in Fig, 19. Only the lean
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mixture data points deviated from the overa3 3 trend of the data. Gen-

y ereilly, the lowest ignitiou temperatutes occur foi a Mach nmber between
0.8 and 1.0. As stated above, Belles' saggested that the mirimum igai-
tion temperature for flowing gas mixtures is affected by wafe inter-
actions. Hydrodynamic resonance generated by a flowing gas Ias been

K observed in another phase of the present investigation (to be discussed
la.ter). This phenomenon has been found tc produce temperatures and
pressures which are considerably higher than the initial static values.
Powerful acoi.stic waves due to flow over cavities have been reported by
East 2 l- and Plumbee et al. 22  Shapiro2 s analysed the resonance prcolem
in an approximate manner and concluded that local temperzaturei in reso-

nance waves can reach values several times the stagnation values.

Tne minimum ignition temperature values obtained for sto.chiometric
ethylene-air and methane-air for both flowing and static cases axe given

T in T.bles II and III. In both of these systems, the minimum ignition
temperatures were fou'pd to depend only on the static pressure. The
maximum ignition lelay times for these systems were found to be 2200
and 3O14W gsec. If longer test times had been available, an effect of
the particle gas flow might have been detected. The ignition tempera-
tures obtained for these two systems agree with the values obtained in
static mixtures by Kane et al.6 Shepherd4 measured the ignition tem-
peratures of methane-oxygen and ethylene-oxygen mixtures behind incident
shcck waves (flowing gases) and reported ignition temperatures several
hundred degrees below those observed in stationary mixtures. Assumrng

I that diluents have no effeat on the minimum ignitior 'emperatures (as
in the bydrogen-oxygen case), then flowing methane-_ _r and flowing
ethylene-air mixtures may also be expected to igaite at temperatures
lower than those observed for static mixtures. Here again, ignition
would probably be caused by higher local temperatures and pressures
as a result of wave interaction phenomenan.

SThe ignition delay times of stoichicaetric methane-air, hydrogen-
air, and ethylene-air mixtures as a function of temperature are tabulated
in Tables IV, V, and VI and graphically shoim in Figs. 11, 12, and 13,

11 respectively. Using the method of least mean squares, empirical equa-
tions representing the experimental data were obcained. They are given
in the figures. As seen from Fig. 12, the ignition dElay times for the
methane-air mixtures are the same for both the flowi-ig and the static
mixtures. These results are in agreement with those observed with
lean methane-oxygen mixt-res reported by Asaba. 2 4 The ignition delay
times of static hydrogen-air mixtures (Fig. 11) agree geneerally with

i the static ignition delays reported by Shott and Kinsej.n1  For flow-
ing mixtures whose temperatures are below the static minimani ignition
temperature, the ignition delay times tend to level cu't. Since it has
been established that no significant changes in the electrical proper-
ties of the gases occur at the temperatures and f3ow velocities involved,
no changes in the kinetics of the ignition mechanism are believed to
occur. Therefore, the lower ignition delay times for these mixtures
suggest that the temperatures of these flowing mixtures &re (at least
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I,
locally) higher than the average values calculated from shock theory.
These higher temperatures are probably the result of heating by wave
interactions (resonance).

Mont of the ignition delay time measurenents of ethylene-air
mixtures (Fig. 13) have been made at higher pressures and lower tem-
peratures than those generally available in the literature. Poi, the
static mixtures at low pressures and high temperatures, the results &
generally agree with those of Mullany8 and also witb those of White. 5

The 4 !nition delay times for this mixture increase suddenly by a factor
of 100 near 1150°K. Apparently a significant change in the overall
kinetic mechanism occurs at the higher temperatures. it i, noted from
Fig. 13 that the ignition delay times in flowing gases are shorter than
the corresponding values in static mixtures.

Autoignitions of flowing hydr'ogen-oxygen mixtures have been folund
to depend on the mass flows and the geometry of the flow apparacus.
For the apparatus shown in Fig. 3a, a minimum mass flow of IM g/sec
was required to produce autoignitioau in the mixtures. At this mass
flow rate, a 2000 Wz resonant freque-acy (third mode) was excited in
the fuel line. This mode was exited cnly when the fuel and oxidizer
.Lines to the mixing chamber were dfemetrical~v opposed. This resorant
mode was set lip in the hydrogen line whether a hydrogen flow existed
or not. When the mixing tube was shortened to 6.3 cm no ignition
occurred although resonance still occurred in the fuel line. When
resonane occurred, the gases were found to have pressures and tempera
tures several times higher than the initial stagnation conditions.
Approximate calculations by Shapiro2 3 indicate that resonating gases
in chambers can exceed the average temperature values by a factor of
approximately 4. The measured temperatures (1lOC°K) are higher than
those required for thermal ignition of hydrogen-oxygen mixtures. The
tf~peratures were even suPficiently high for thcrmal ignition of hydrogen-
air mixtures. An examination of the experimental procedure shows that
autoignitions of the hydrogen-oxygen mixtures were most easily produced
when the oxygen flow was stabilized first and the hydrogen flow was
adfed later. Oxygen gas was prevented from diffusing into the fuel
line by a check valve. The hydrogen lime acted as resonance chamber. 1
The o•xgen gas was heated by this resonance. When hydrogen was added
to the heated oxygen, ignition occurred. Ignition of hydrogen-air
mixtures possibly did not occur because of their longer ignition delay
times.

Schlieren photographs of the second res nani. mode (Figs. 15 aA4 16)
in a 0.95-cm-square fuel line indicate that a series of strong shock-,
waves and wave interactions occur during each cycle of this mode. In
this tube the third and most severe resonant mode did not appear. How-
ever, when fillets were placed in the corners of this square mixing tube, ij
the third resonant mode appeared. This doservation suggests that the
corners influence the formation of the waves in the fuel line. The analy-
sis of the complicated wave structure of the various resonant mode is still I
in progress. Also, tha possibility that ignition is caused by a mechanism
different from a~erodynaric resonance is still under study.

46 [



R1EERNCES

11. Ferr, A., "A Review of Problems in Application of Supersonic OCum-i. Ferrl, A. 39
bustion," ~§6:645,, (1964), 575-37

t 2. Lewis, B., and von EMbe G. , Cc•!ustion, Flames and Explosions of
Gssg "2nd ed. New York: Academic Press, Inc., (1961).

3. Belles, F, E., and. Ellers, J. 'Shock Waie Igai iUn of Hz-Oz.Dilnat
ML-tures Net, De-tonation Limits," ALS Jjurna1., 32:2 (FebraaTr, 2962),
215-220.

4. S hepL:;.,, W. C. F., "The Igixtlon of Gab Mixtures by iqaxusive
Pressures," ThinSymposium on CUaMbtia, FlAMe _1 -?losian
Phenum-•na, Baltimore: The WiUiLis & Wilkins C-a, 949S~301-316.

5. Kane, G. P. ; Ch mberlain, E. A. (.; and Townend, D. T. A., "Twe

Spontaneous ignition under Prepsure of the Simpler Aliphatic Hydro-
"carbons, Alcohols, and Aldehtdes,' Chem. Soc. (1937), 436-443.

S6. ray, J. A., "Scne Experiments on •h•initiation of Detonation in

2H2-02 Mixtur:es by Unifoxm Shock Waves," Fourth Sympociui (Inter-national) = on•mbustion. Baltimore: The Williams. & Willd Company,

(1953), 5157

7. Craig, R. R., "Shock Tibe Study of the Igaition Delaey in Hydrogen-
Air Mixtures near the Second Explosion Limit," M. Se. Thesis, The
Ohio State University, Columbus, Ohio, (1966).

8. Mu.laney, G. J.; Peh, S. Ku.; and Botch, W. D., "Determinatiom of
InductioL ' imes in One-Dimensional Detonations (H2, C2'K, and
C2H4)," AIAA Jou•nal, 3 (May, 1965), 873-875.

9. Mcmtchiioff, I. N.; Taback, E. D.; and Buswell, R. F., "Kinetics
- Hydrogen-Air Flow Systems. 1. Calculation of Ignition Delays
for Hypersonic Ramjets," Ninth SjMpoEium (International) on Ccn-
bustion, New York and Lozdo: Academic Press, (1962), 220-230.

10. Bascumbe, K. N., "Calculation of Igitiou Delays in the Hydrogen-
Air Systems," Ccubustion and Flame, 11 (February, 1967). 2-10.

i1. Schott, G. L., and Kinsey, J. L., 'Kinetic Studies of Hydrcuyl
Radicals in Shock Waves. II. Induction Times in the Hydrogen-I OzVgen Reaction," Chem. Phys., 29±5, (Novtmber, 1958), 3177-3182.

12. Nicholls, J. A., Adamson Jr., T. C.; and Morrison, R. B., "Ignition
Time Delay of Hydrogen-Oxygen-Diluenf Mixtures at Figh Temperatures,"'•]AIAA Journal, i.I0, (October, 1963), 2253-227.

44

- .

- .'



II H

'3. McKenna, W. W., "An Investigation of the Behavior of a Detonation
Wave in a Flowing Combustible Mixture," Ph.D. Dissertation, The
Ohio State University, Columbus, Ohio, (1966); (also PRL 66-0112,
Wrighb-Patterson AFE, Onio, June, 1966).

14. I•amilton, L. A., "An Experimental Investigation of Shock Initiated
Detonation Waves in a Flowing Combustible Mixture," Ph.D. Disser-
teotion, The Ohio State University, Columbus, Ohio, (1967); (also
ARL 67-0202, Wright-Patterson AFB, Ohio, Octcber, 1967).

15. Bollinger, L. E., et al., "Formation of Detonation Waves in Flow- 1!
ing HKdrogen-Oxygen and Methane-Oxygen Mixtures," AIAA Journal, 4:
10 (October, 19V6), 1:173-1776. -

16. Tamango, J.- Frucbman, I.; and .iatsky, S., "Supersonic Combustion
in Premixed FHdrocarbon-Air ri'ow," GASL Tahnical Report No. 602,
Contract No. AFOSR 66-0872, (May, 1966).

17. "Fluid Meters, Their Theory and Application, Part I"(ASME, New York, i
1937), 4th ed.

18. Liepmann, H. W., and Rt-shko, A., Elements of Gasynamics, !st ed.
New York and London. John Wiley & Sons, Inc., (1957).

19. Bollinger, L. E.; Fong, M. C.; Laughrey, J. A.; and R. Edse, NASA
TN D-1983, (June, 1963).

20. Steinburg, M., and Kaskan, W. E., "The igaition of Combustible
Mixtures by Shock Waves," F'fth Snaposium (International) on
Combustion., New York: Reinhold Publijhing Corp., (1955), 64-671.

21. East, L. F., "Aerodynamic Induced Resonance in Rectangular Cavities,"
J. Sound and Vibrations, 3, (1966), 277-287.

22. Plmbee, H. E.; Gibson, J. S.; Lassiter, !. U;., "'Theoretical and
Experimental Investigation of the Acmistic ie.'conse of Cavities in
Aerodynamic Flow," WADC TR-61-65 (March, 1ý62).

23. Shapiro, A. H., "On the Maximum Attainable Temperature in Resonance
Tubes," Aero/Sa e Sciences, 2';:l (January, 1960), 66-67. 1

24. Asaba, T.; Yoneda, N.; Kakihara, N.; and Hikita, T., "A Shock Tube
Study of Ignition of Methane-Oxygen Mixtures," Ninth Symposilun
(International) on Cambustion, New York and London: Academic Press,
(1962), 193-200.

25. White, D. R., "Density Induction Times in Very Lean Mixtures of
D2 , HP., C2H2, and Calk, with 0a," Eleventh Symposium (International)
on Conbustion, Pittsburgh: The Cczwustiori Institute, (1967), 147-

154..

48

_ _ _ _ _ __ _ _ _ _ _ _ _ _ _I

g |'



APPENDIX I

CWPOSITION OF TEST GASES

1 ' drogen Gas:

Manufactw-er Burdett Manufacturing Co.
Grade Comercial
Purity 99.8%
Dew Point -750 F
Impurities He, N2 , 02, C02 , H20, CO

SOxyger. Gas:

, •Manufacturer Liquid Carbonic Co.

Grade Commercif!I'l Pu-rity 99.9%
Impurities Ar - m4%

-12 - 0.20%

HO Q~ -72-0 PE4
CHo - 25 P94

A Meth,.ue Gas:

Manufactur-.r Matheson Co., Inc.
Grade Technical
Purity 97.0%
Impurities Co2 - 0.3%

N2 - 0.7%
02 - 0-2%

P2Hn6 - 1.3%
Propane - 0.3%

S~Ethylene GL4:

•Manufacturer taker and Co.
SGrade TechnicalPurity 96.7%

Impurities CH4 - 0.9%C2H6 - 2.3%
c3H8 0 -.1%

Dew Point -50°F

S~Air:

Pumped at this laboistory
S~Dew Point -140*F

Oil -none
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