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ABSTRACT

The purpose of this program was to determine, analytically
and experimentally the extent to which the autoignition delay times
of liquid hydrocarbons could be reduced by modification of the molecular
structure or through the utilization of homogeneous additives and
heteiogeneous catalysts. To this end the autoignition delays of a

number of different hydrocarbons were determined in three different
experimental apparatus; a well-stirred reactor, a constant flow subsonic
duct and a supersonic detached jet or ducted flow system. At one atmo-
sphere pressure the velocity and temperature of the test devices were
varied from subsonic to supersonic and from 3000 to 1600'K respectively.
The ignition delays measured in a subsonic, constant flow system at 1000*K
varied from 180 milliseconds for lean mixtures of Shelldyne-H to 25 milli-
seconds for 1,7-octadiene. Propane was observed to have an ignition lag of

4 34 milliseconds. No quantitative relationship could be established between
the ignition lags measured in the constant flow system and the average
residence times determined in the stirred reactor at the blow-out point.
However, it is clear that the stirred reactor data more closely describe
the total hydrocarbon combustion time than any "pseudo ignition lag"
associated with the hydrocarbon. Of the more than 25 different homogeneous
additives tested, the strongest ignition promoters, by far, were found to
be the alkyl nitrates and nitrites or nitric oxide and nitrogen dioxide,
The ignition promoting characteristics of these compounds are associated
with the ease with which they thermally dissociate or oxidize to form
oxygen-atoms. The chemical reactivity of the oxygen atom compared to
other radicals in the preignition reactions was found to be the
dominating factor. The ignition delay at 1000*K, of Shelldyne-l or
H-HCPD* was reduced from 180 and 110 milliseconds to 3.5 and 5.3
milliseconds respectively, upon the addition of 25 volume percent
n-propyl nitrate. Other additives such as 1120, N2 0, CO, 112 or per-
oxides, esters, polyethers mnd alcohols had little or no effect on
promoting the autoignition of various hydrocarbons in the t' Ierature
range of 950-1300*K. Surprisingly, a synergistic effect between 112
and NO or N02 was found to dramatically increase the ignition promoting
character of the oxides of nitrogen (excluding N2 0) not wittstanding
-te fact that up to 2 weight percent of hydrogen alone had no effect
on the ignition delay of various fuels. The presence of a platinum
' surface on the walls of the combustion chaamber reduced the autoignition

-temperature of various hydrocarbons by 3500K. The addition of 15
volume percent n-propyl nitrate to the hydrocarbons resulted in a
,, rease it the autoigiftion temperature by another 200K A thermal

--Wchanism, based on the promotion of the vapor phase oxidation reactions
by platinum, Is discussed. Fuel blends consistiog of 15 volume percent
n-propyl nitrate in either 11-H PID or Shelldyne-t1 were Ignited and com-
busted in a piloted supersonie flow (Hach 1.5) over a temperature rnge
of 300 to 1300K. An ignition model based upon quasi-global kin" z,4 and
involving 10 basic chemical reactiuns has been sltowii to be able to
predict within a factor of 5, the Ignition delay of neat hydrocarbons or
blendo of hydrocarbons with homogeneous additis. The development of
the model and the experimental results of the supersonic ignition tests
are discusseod in Volume 11 of this report.

,hyrigitated diaer of aethyl cyolopentadiene

W.i
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} U 2ION I

SUMMARY

The goals of this program were to determine, both analyticallyand experimentally, the influence of molecular structure and homogeneous
or heterogeneous additives on the autoignition delay of hydrocarbons.
This volume of the final report describes the results of ignition delaymeasurements obtained in a Well-Stirred Reactor (WSR) and a subsonic,
continuous flow system (CFS). The development of an analytical ignition
delay model based on the subsonic ignition delay measurements is discussed
in Volume II, together with the experimental results of supersonic, piloted
ignition tests of Shelldyne-Hi and the hydrogenated dimer of methylcyclo-
pentadiene (I-MCPD).

The data obtained in the WSR under kinetically limited conditionsindicated that all the long chain alkanes had shorter residence times comparedto other fuel structures. In the order of increasing residence times:
alkenes < cyclics <polycyclics< complex hydrocarbons. Branching in either
the alkanes or alkenes tended to increase the t'esidonce time (T) for a similarnumber of carbon-atoms. Benzene had the longest (T) compared to hexyne-l,
the only triple-bond hydrocarbon tested, which had a residence time 2.5 timesas short. The complex, high density hydrocarbons had similar average residencetimes as a class, and were generally longer than any of the other hydrocarbons.

The homogeneous additives which consisted of alkyl nitrates andnitrites, peroxides, epoxides and polyethers, In some instances reduced (T)by 90. 1The additive study indicated that great care must be exercised inselecting an additiv,/fuel blend since results show that wider certain Cir-
cumstances, the ignition promoters became ignition inhibitors. "

The autoigoition delay times of neat hydro"arbons and blends of.ydrocarbons with various howigoneous additives at one atmosphiere in 4Wl
,.wviriaad subsPlc aisream waro dutermn-ied in a constant cross sectionduct. Over the temperature range of 900-1250K, the visually determined
ignition lags of lean mixtures (W W0.3) in their order of decreasing lag
tims were: Shtelldyue-It, It-KCPD, JP-7 long-chain alkenets, long chalti molofins,diolefins and triolefins,. Generally, Lae ease Uwith which the (uel Wleculewas oxidized determited the magnitude of the tgnition lag times, The tempera-
ture relnAionship to ignition delay Was dseribed by an Arthe niu dxpressie:i,
.t - Au 1/ w he global activation energies W4) varied doeningupn

the molecular structure of the -fuel. Tihe values of (.Ed) determined from t e.xperiwactal data fot alkwnes, alkeiws and complex high donsity fuols wore19.8 KCai/wolo, 22-.16 KaI/mols, and approximately 40 KCaI/mol,, respectively.

.omogetous additives wihich included alkyl nitrates aid nitrites,
peroxides, polyOethers, hydrogen, oxygen, carboni toxide, water, nitroug oxideand an alkylated boro. coqound were tested in different fuels in varying coti-centrationds. The results showed.that the low molecular weight alkyl nitrateswore., by fat, the most effoetive promoters of ignition over the temperature

, , - .. -1
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range of 900-1250*K. Typically 25 vol. percent n-propyl nitrate in Shelldyne-H
or H-MCPD reduced the ignition lags from 180 and 110 milliseconds to 3.5 and
5.3 milliseconds, respectively at 1000'K. Nitric oxide and nitrogen dioxide
were nearly as effective as the nitrogen esters. Hydrogen, in very large
concentrations did not promote hydrocarbon ignitions, but when H2 was combined
with nitric oxide a synergistic effect was observed. The maximum effect was
noted for H2 concentrations of about 8 volume percent of the total fuel flow
rate. N20, H90, CO 0 2 or tri-isobutyl borane did not promote the ignitions
of a wide variety of hydrocarbons. The ignition promoting effects of the
nitrogen esters and NO or NO2 were postulated to be due to oxygen atoms which
were generated by the thermal decomposition of the esters and the subsequent
oxidation of NO or NO2 which were the reaction products.

The minimum autoignition temperatures of various hydrocarbons,
varying in structure from alkanes to polycyclics, were reduced from 1050K
to 550-650*K via heterogeneous catalysis in an air stream that varied in
velocity from 85-150 feet/sec. Tie catalyst was a I-inch diameter, thin
walled platinum tube that was 6-inches long ai~ located on the inside surface
of the test duct. A thaTmal igaition model is proposed. The platinum surface
catalyzed the low temperature oxidatioii rates of rich mixtures of hydrocarbons
sufficient to achieve local platinum surface temperatures which were very near
the spoutaneous ignition tem)eratures (S.I.T.) reported in tihe literature.

The successfull attainment of the goals ot tie program has demonstrated
that high density hydrocarbons can be blended with more "active" com;)ounds to
produce blends whilch have high denaities, hgit space heat release rates and
most importantly low autignitioi delay timos,.

• . . . .



SECTION II

INTRODUCTION

Mission profile studies of hypersonic velocity vehicles have
shown that in the regime of Mach 8-12, a supersonic ramjet (SCRANJET)
fueled with a storeable, high density hydrocarbon offered striking
performance advantages over alternate propulsion systems (1). The
utilization of this air-breathing system became even more attractive
when the scramjet take-over velocity was reduced to lower Mach numbers.
However, to accomplish this task, the fuel must exhibit good, low
temperature ignition and combustion characteristics if the combustion
chamber length was to be realistic. The metal Alkyls and hydrogen
satisfy these requirements, but because of logistics and toxicity pro-
blems associated with their use, alternate fuels are required. This
report which is divided Into two separate volumes describes the results
of a three-phase experimental and analytical research program which
explored the effects of molecular structure, homogeneous chemical additives
and heterogeneous catalysts on the autoignit ion fand combustion character-
istics of hydrocarbon fuels it subsonic as well as supersonic flow
environments at one atmosphere. Volume I of tile report is concerned
with the subsonic ignition characteristics of hydrcarbons in a well-
stirred environiment and a constanit area duct. Volume 11 describes the
piloted ignitions of Iiydrocarbois in superscuic streams and the de'Velop-
ment of tile quasi-global autoigittion model which waa modified by tile
experimental results described in wolume 1.

The First Pha-3e was e-od with determidning reIa t i ve.4
ignition delay times of varlowi hydrocarbona and additives lii an
environuaenL void of heat andfor maqss trtl1sptui't li-tat ions such that the
chumical kinetics of the ;ysten vore thle l imiting fattorA over the
temperature range of 1400-1650N. The Vveli-Stirred-'eaptor &%veopX b
Longwill illd- Velss for deterining the cem ica&l kinetfrs4 of eorab~ iot
proeaes was4 utilited Na this pito of the Irogam C nto TeSecond
P11480 Vat; dL-voted to meagUriti tile abgolua ale of tho autotrtlton

dlyti~eu of a num~ber of Ihydroaarbons which included tile satwe ftkoi!4
and additiveR studiod W~ Phage tne, but lit a costant flow heated a~ir
SFstem& illett va% eont~ide ad to wor'eclosely weatbie a Pctliea1l ciuttor
gStaca" The temperature was varied betueen WN.~

I'hago Throe eonsigtod of all a iytltal tdy of the 4&iniit
chemical roactions via a quausi-globa4 kinoetics frogma wihel subewcquently
led to the dewlujment of a tthetteal owdel vhieh Was shlowd to Predict
woithin a factor of 5, the autoliftloo lag ttvws of ftWls or fueL blooids

.with howaneiout additivos.

Duoring the, last phtase of the progratt, thle bet. (uLel systrew
whc ere Shelidytie-at or 0-4.1t + 5t, t-ptroypi nitrate Uhich wdtv. define-d

in tiw first two phaks4u wote Ignited anid burnied in piloted gupersonic
froe-Jet atid duced flow toutigurAtion at various temperatures and one
atwphar ~sare
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j Criteria For Fuel Selection

Because of the nature of this research program, the successfull

development of a praccical fuel for supersonic combustion was very greatly
dependent upon the initial choice of hydrocarbons and additives. The

potential of candidate compounds was evaluated by a set of criteria which

is described.

The structure of hydrocarbon molecules has long been recognized
to exert a powerfull influence on reactivity toward oxidation, particularly
in the temperature regime below 1000K.(3) Molecular structure affects all

the phenomena that influence the initial phases of the combustion process--
peroxidation, chain breaking, free radical formation, chain branching--as
these are manifested in such observations as cool flame development, ignition

lag, burning rates, flame speeds and quenching reactions. In determining fuel
ranking for supersonic combustion it is worthwhile to review some of the tech-

niques used by fuel chemists to develop a better understanding of the effects
of fuel structure on thce parameL rs.

Perhaps the first and most widely studied manifestation of hydro-
carbon structure on combustion was the development of "knock" in the internal
cowbustion engine( 4 ). he environment of the fuel-air mixture is at a. relatively

low temperature and a high pressure and is complicated by the use of a spark
source to initiate the spread of flame. The preponderance of experimental
data suggests that knock results from the spontaneous ignition of the compressed
end gas in the cylinder. (5) The most reactive hydrocarbons in terms of "knock"
are long-chain normal paraffins and the least reactive (i.e. most "knock"
resistant) were the highly branched paraffins and low molecular weight gases. 6 )
n-Heptane has an octane number of zero compared to 2,2,4-trimethyl pentane which
has an octane number of 100. The cyclic hydrocarbon structures generally exhibit
high octane numbers.(

7)

Many different techniques have been used in the past to determine
the spontaneous ignition temperature of fuels in the absence of an ignition
source. When the telperature of the surroutiding environment was gradually
increased the chemical reactions are manifested by the appearance of "cool" -

flames( 8), negative temperature coefficient regions(9 ), and explosions.(I0)

Generally, Lhe literature reveals that there is a correlation between auto-
geneous ignition ranking and "knock" rating. The hydrocarbons which show
the highest spontaneous ignition temperature (S.I.T.) also appear to be the
most "knock" resistant, i.e., possess high octane numbers. The low molecular
weight gases such at methane, ethane and propane have (SI.T.) of 537, 515
and 466*C respectively. Straight-chain paraffins such as heptane and octane
have (S.I.T.) of 123 and 206*C respectively. The cycloparaffins, isoparaffins
and aromatic hydrocarbons generally have higher (S.I.T.) than the straight-
chain alkanea.

4 4
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In experimental situations more closely resembling a ramjet
environment many researchers have observed the same general relationships
between fuel structure and autoT-ignition lag. (11) The determination of
ignition delays via shock tube techniques offers the best source of "kinetically
controlled" data.(1 2) In all of these techniques the qualitative ranking of the
ignition lags as a function of molecular structures are similar, but because
of the nature of each experimental method, the quantitative agreement is
poor.

The practical application of the candidate fuel demands long-term
liquid storeability, high density and optimum ignition and combustion charac-
teristics. Low temperature flow properties and liquid boiling temperatures
are also taken into account before the fuels are considered as candidates.
There are other fuel properties which may be of importance in specialized
applications, but are not of direct interest in this investigation. Probably
the most outstanding example within this special category is the heat-sink
properties of the fuel and its cooling-characteristics as related tu
regeneratively cooled engine or air frame. The ignition characteristics of
a fuel which has undergone partial oxidation or pyrolysis as a result of
its cooling application may be significantly different from the ignition
delay of the unexposed fuel. (13)

Table I summarizes the different cypes of fuels studied in thi
kinetically controlled Well-Stirred-Reactor (WSR) the Continuous Flow Au to
Ignition Test System (CFS) and piloted Supersonic Flow Facility.

Criteria for Homogeneous Additive Selection

A survey of the literature tevealed that many different types of
homogtneous chemical additives had been tested as hydrocarbon ignition promoters,
in numerous types of experimental apparatus. (14,15) The large majority of the
cited refere ces was concerned with the promotion or inhibition of hydrocarbon
ignitions ii Otto-Cycle Engines where the temperature and pressure conditions
were drastically different from a ramjet's combustor environment. Research
on diesel engine ignition promoting additives has been extensively reviewed
by bogen and Wilson( 1 6 ) and many others (17). All these references as well as
our proprietary technology indicated that the following classes of compounds
are, to some degree, promoters of ignition of hydrocarbons wader varying local
con di lions.

* Peroxides
* Alkyl Nitrates md Nitrites
* Nitro Parrafins
* Oxygen md Oxidation Products
* Oximes mid Nitroso Compounds
* Aldehydes, Ketones, Ethers wd Esters
* Metal Alkyls
* Boron Hydrides, Silicone Hydrides
* Nitrogen Oxides



4J - I4 ON co T

;74 N 0 C0 N ' -4 N, C C O

r4 4 14 -
4

r4 C4

_r N. r, r N P 0 D( 4 i

-In

rz4~ %~0 N a' ' (n N a N 0 N

ODN ' N N D a Z N f1% co- .- f

~n 0-6 . N 6 
4 

AN N4 N4 CO

4go
PA M

ci

AJ U1u0

23 00n



00~ 
r

44

00 r4 :j
-V4

.f344

-co
00 C)~ C'n M- N 2 in P.)

.4 0. -c c

0 I 
-0

4j

V- 4n OD cc c c 00a' '0

El. C* * * *
044

4 4
ul 

N

'-' '4

~~J~~O 0 V a 'a 0 0 n.

OD OU 0 OD 0 0 '- 0 'D

00

I ,~ ~ I CO 0 N~ W Q
0A '* 0 NA a O a S S C 0*

4 r4

or 
4 '.4

I, 
u

#4 .4

U) to

a 44

00A

.4.

V4 to
u u 4

I*06



.. . . . .. . . . . .... ..- / '

Other investigators have reported the ignition promoting efficiencies

of chemical additives in shock tube(18) studies, in flash photolyzed reactions

of gaseous mixtures of hydrocarbons in oxygen or air (19) and in continuous air

flow systems having design characteristics similar to subsonic or supersonic

combustion ramjetst2 0).

The chemical additives reported in the literature were divided
'nto two categories. The most widely tested class of chemicals consisted

of compounds which produced free radicals upon thermal decomposition over a

broad temperature range depending upon the individual compound. The additives

that promoted ignitions by rapidly increasing the temperature of the stream via

exothermic chemical reactions were combined in the second class of compounds.
The most effective type of additives in this class has been reported to be the
metal alkyls which are either pyrophoric or toxic and have high heats of com-
bustion.(21)

Table II is a summary of all the homogeneous chemical additives

evaluated in either the WSR, the Continuous Flow Facility and the Piloted
Supersonic System.

The ignition promoting effects of additives could not be economicnlly

determined in every hydrocarbon so a procedure was developed which would indicate
the ignition promoting effects of the additives in hydrocarbons as a function of
the fuel's molecular structure.

Additive Screening Procedure

Upon completion of the fuel ranking tests in the WSR, it was possible

to select the fuel candidates which would most readily be improved by the
addition of homogeneous combustion promoters because they already exhibited
short igaition delays. Of secondary importance in selecting the base fuels for
the addit:ive screening tests were the cost and availability of the fuels. The

Ii." most attractive fuels were the long-chain n-paraffins such as octane and tetra-
decane, which although expensive, were available in sufficient quantities
to evaluate many different additives. Therefore, using these criteria as a
guide, the additives were evaluated in n-octane. Since the mono-olefin,
1-ocene, also showed promise as a good fuel, the most interesting additives
found from the octane tests were then screened with octone-l. These data
obtained with high purity, relatively simple hydrocarbons, provided the basic

tuderstanding of additive effects in various molecular structures.

te low density of the pure hydrocarbons reduced the number of

practical applications for which they were considered. For this reason
donse fuels such as Shelldyne-U1, lH-MCVD and JP-7, received more attention

T.11 wand were therefore of most interest in terms of the effectiveness of homwgeneous
additives. Ilie additives most eff ective in simple hydrocarbons were therefore
tesetd in JP-7, as representative of this family of dense, mixed hydrocarbon fuels.
The most promising additives found from rite JP-7 tests were then tested in
i"h high density fuels with closed ring molecular structures.
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TABLE II

HOMOGENEOUS ADDITIVES TESTED IN THE WSR OR CFS

-Compound B.P. (00 Formula
n-Butyl Nitrite 78 n-"4A 9ONO
t-Butyl Nitrite 6"j t-C4 HqONO

n-Amyl Nitrite 104 n-C5HI10N0
i-Amyl Nitrite 99 i-C5 H1IONO

n-Octyl Nitrite 176 C8HI7ONO
Methyl Nitrate 65 CH3ONO2

Ethyl Nitrate 87.5 C2H50N02
n-Propyl Nitrate iii C3UTON02
n-Butyl Nitrate 123 C4 H9 N02

i-Amyl Nitrate 147.5 C HIONO2
Nitroethane 113 C2115NO2
Nitrobenzene 211 C6H5NO2
Oxygen -183 02

Carbon Monoxide -191.5 'CO

Nitric Oxide -151.5 NO
Nitrogen Dioxide 21 N02

Nitrous Ox.de -89.5 N 0

Propylene Oxide 34 .5 CkI2CiICII30

Ethyl Oxalaote 185 (C2 115 C02 ) 2

t-Butyl Peroxide -7 1i7 COOHi
t-Butyl Hydroperoxide, .- C3 19C0i
GCumene Hlydroporoxide Cl %11 Coon

Hydrogen -253 11

Water 100 1120

Hydrazine (98%) 113 A2 14
Carbon Dioulfido 46 CS2
I..Bzaldehydo 180 .C 6 a5mHO
Trit4sobutyl Boralm 188 C1 2 92

1,2-Dtmethoxyetlmne 84 C2114 (OC1 3 ) 2
1,2-Bis (2-methoxy tthoxy) Ethane 212
2-ELhoXy Ethano1 134 C4 4t00[

2-butoxy Ethanot 174 C6 113001t
2-(2-Ethoxyethoxy) Ethanol 213 C6 14.3 02 0 11
2-(2-Ethoxyetotoxy) Ethyl Acetate 227 C6 411050.C215
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All the additives except N H, were completely miscible in the
~ 1.fuels "ttsped. Since some of the addit ves of interestwere costly and in

short supply it was decided to limit the concentration to five-volume percent
in each test fuel. This concentration was arrived at by reviewing the literature
and by iiternal consultation which revealed that if the additives were
effe(ting the ignition-combustion processes, their effects would be evident
at this concentration.
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SECTION III

APPARATUS DESCRIPTION

A. The Well Stirred Combustor

The well-stirred reactor used during the First Phase of the program
has been characterized by many researchers as an adiabatic, homogeneously
mixed reactor virtually free of heat and mass transfer limitations(22). The
device more closely conformed to this description in the lean mixture region,
the area of interest in this program. The reactions were limited by the chemi-
cal kinetics of the particular fuel being evaluated, as opposed to plug flow,
or hot surface ignition test techniques where physical phenomena limited the
reactions.

The principle of the device shown in Figure 1 was to direct turbulent,
premixed jets of fuel and air into a chamber designed to maximize the entrainment
of the burning mixture and thus cause sufficient recirculation to establish a
uniform concentration and temperature throughout the reactor.

Figure 2 shows how the preheated fuel and air were metered separately
through carefully calibrated rotometers and homogeneously mixed prior to
being introduced into a 1/2" diameter perforated spherical injector which
was situated at the center of a 3-inch hemispherical reactor built of insulating
fire-brick. The combustible mixture issued from forty, .020" holes drilled
radially in the injector at sonic velocity and kept the burning gases inside
the fixed volume of the reactor vigorously stirred at all times. The products
of combustion were -xhausted through 1/8" diameter holes symmtrically arranged

* in the wall of the x-tor, mixed with a large volume of external air, cooled
by water injection and discharged into the atmosphere. The reactor walls were,
1.75 inches thick and were made of high temperature fire brick which had an
upper service temperature of 3300*F. 1the thermal conductivity of the brick at
temperatures of 800 to 2000*F was 3.3 and 4.69 BTU/it 2 /hr/*F/in. respectively.
Tite majority of the brick material was l2O3 with 22 percent SiO2 . The outer
shell of the reactor was made of stainless steel and was equipped with mounting
brackets md various parts to facilitate mounting. Previously it was determined
with an injector sphere only 1/2 inch in diameter, attaching 1/41 feed lines
to it seriously upset the symmetry of the jet pattern. Ilie use of a hemisperical
reactor overcame this problem. Furthermore, because the injector was half-
embedded into the solif! upper half of the reactor, the !ntira injector and more
particularly the critiLv. region where the inlet tubitng was welded to it, was
kept cooler, thus greatly reducing the chances of failure.

U) ignite the reactor, propane and air flow rates were set and
- the hydrogen pilot light was lit. When the test fuel was introduced into

the pre-heater section, the hydrogen pilot and propane sources were turned
off. Liquid fuels, including mixtures of additives with hydrocarbon fuels,
were metered in calibrated rotameters and injected into a stream of nitrogen
by means of wt atomizing nozzle placed upstream of the prt-hzater. A short
period of time was allowed to stabilize the flow of test fuel and then the
following procedure was initiated to determine the lean-blow-out points.

4 II'.'
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The procedure consisted of simultaneously recording the combustion

temperature and volumetric air flow of the reactor on the X and Y-axis,

respectively of a calibrated X-Y plotter. The temperature was measured by

an unshielded, bare junction thermocouple housed in a pure alumina insulator
which traversed the 1.75" thick firebrick wall of the lower half of the

reactor. The thermocouple consisted of either Pt-PtlORh or Pt6Rh-Pt3ORh
junctions made from wires .015" or .020" in diameter. Previous studies had
shown that the temperature inside the reactor is essentiall uniform except
for a small volume close to the injector. Positioning of the thermocouple
inside the reactor was not critical. The thermocouples were calibrated in
an electrically heated furnace, where the temperature was measured by means
of a thermocouple secondary standard and an optical pyrometer.

The volumetric air flow was monitored by an in-line rotometer
ane simultaneously indicated on the Y-axis of the X-Y recorder. The air
rotometer was calibrated with a wet-type test meter. The displacement
voltage on the Y-axis was derived from a 10-turn linear potentiometer whose
shaft was attached to the ster of the main air control needle valve by means
of a series of reduction gears. The movement of the valve stem was automatically
controlled by a constant speed, high torque, 1 RPM electric motor, which was
also attached to the gear-train of the potentiometer shaft. The electro-
mechanical system was such that the voltage change indicated by the potentio-
meter was proportional to the air volume flow rate. The combustion temperature
was recorded on the X-axis of the recorder.

Ihis technique for determining the blow-out points proved to be
much more accurate and repeatable than the standard method of visually
observing the cooling of the reactor's inner walls. The visual observation
of a blow-out was especially uncertain at low air flow conditions due to
the very slow cooling rate of the reactor's walls.

During a test run, cite fuel flow was held constant and the air
flow was slowly increased at a constant rate. The reactant flow conditions
were such that, at thu beginning of a test, the equivalence ratio* (4) was ntear
1.0.. As the air flow was increased, the equivalence ratio slowly decreased
to a value between 0.1-0.5 at which point the lean limit was reached and the
flame tempirature-air fl w curve, recorded on the X-Y recorder, suddenly
charged slope due to the r4pid quenching of the reaction. The "kWee" of the
eurve graphically depicted the temperature and volumetric air flew at the blow-out
point wbose equivaleace ratio was readily calculated. To change the total
temperature of the system, it was necessary to inerease the fuel and air flows
to overcome the heat losses. It was tlerefore possible to vary the blfw-out
temperatures over a range of about 1400-16001K while maintaining the equivalence
ratio between 0.1 ad 0.5.

* £quiv-ience ratio = FiA (Actual)
Eq c ra i V (Stoich.)
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As discussed by Longwell and Weiss: (2) to account for blowouts

qualitatively, consider combustion to be a chemical reaction between fuel
and oxygen whose rate depends on temperature and fuel and oxygen concentra-
tions. For combustion approaching completion--that is, after a relatively
long combustion time--the temperature is near a maximum, thus favoring a
rapid reaction. However, the reactants have largely been consumed and their
concentrations are small, thus favoring a slow reaction. If less time is
allowed, the reaction will not have proceeded so far toward completion. The
temperature will be lower but, more important, the reactant concentrations
will be higher; the net result will be a faster overall rate. As reaction
time is still further reduced, the increase of reactant concentrations con-
tinues to more than offset temperature decrease and the overall reaction rate
still increases. However, a point is eventually reached such than an additional
reduction in reaction time causes a temperature lowering with greater effect
than the corresponding concentration increase. This point represents the
shortest possible reaction time and the fastest reaction rate. Further
reduction in reaction time makes continued reaction impossible; the reaction
thus stops and in effect, the flame has blown out.

Longwell mid Weiss showed that such a device, with sufficiently
small mass transfer resistance, the determination of the composition of the
burning mixture coupled with a knowledge of input conditions, temperature,
pressure and blow-out data, allowed the determination of tle global kinetics
of loan mixtures via the following:

' 4.76k a EIRT MdCI ) (
SI 2 4.164 (1.36 )

$&ara~ N *air ratat, Voo/e

V, reaction. voluao, liters

SP p~e~sute atm

overall reaction order

k - rate constaut, el K)2(S w(sac)

E activation energy, cal/ol

T r eaction tetratures XK blow-out

4-equivalence ratio 0 blow-out

• available oxywan

4.combutible couettation exoutat



Lean blow-out data for a wide variety of fuel structures (23 ) has
shown that the pressure exponent adapted to best fit the data was 1.8.

It was clear that the blow-out measurements carried out under
controlled conditions in the well-stirred reactor can yield residence time
or "Iquasi-ignition delay time" values, at some equivalence ratio 0, when
the value, N/vp1.8 was known. Since all of the data reported here were obtained
at one atmosphere pressure, the ratio V/N is a measure of the average time the
combustible mixture spends in the combustor for ignition to occur. The average
"1residence time" r at blow-out conditions was obtained from the relation.,

273 VR/F air Typ2ical Values -
whee r* vergegas residence time (see) - -0.8 - 5.0 X 1

V hemispherical reactor vol. (liters)- - --. 014 - .015

Va air flow (liters/see.) at N.T.P. - - - - .50 - 3.85

T f laim temerature at blow-out (*K) - - - -1390 - 1650

Inteequation wichl describes tite average reside c-, time. the

total volume of reactavLsis4 taken as thte air flow (V s since tile. fuel
flow rates are approximately 50 times less for loan uilress

U. Contiquous F'low Autoigpition Test System (MF)

The high temprature, continuous flow igntition test aparatus shown
in~ Figuires 3 and 4 w",. designed so that the autoignitliu haracristies (if a
wide variety of fuels. aad Wdditives could be studied at ie atmcspheo_ undor
a variety of experimeint; I con~ditions sudk. as air tempraturob mixture ratio,
additive coincettratiun, eto.0

Cotteentrie injection of vaporized fuelo into tite hot air strea= via
a toulti-liole, flat face injector shuwn it )Figure. v ~as chovet if, vr other fuel
illtIo techniques for tile following reasuitsk,

(I) Miniaum te9t Soctiol Wall efeets
(2) better fuel-air tai4ing at sbsonic air velocities but high

Reynolds hluzber
(3) ease Of Mniyticai treatbent of .1vaults

Also of importance was tho jiytical, state of the fuel ill tile hot air/fuel.
injector ixiing regioni. 1the liquid fuels vere vaporiled in i low-tilro it
heater hiaving a large surface orea heoat transfer medium Vaporization of
tile fuel Ini thia systdw Pteve0nted Or gre.atly redt-' ed tile teulca~
Of tite fuel uhich could occur in a batch-type vaporizer where thle light
haydrocatbons would be separated f rom tile heavi,'r portion, A conistant flow
Of 'nitrogen thtough tile vaporizer provented QExidatiot% and assured constant 5

flow.
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The 1.065 inch-internal diameter test section was thermally

insulated and was made of type 304 stainless steel and equipped with one

quarter-inch thick quartz windows along the entire length of 75 inches,

The test section was composed of 5, fifteen inch-long flanged segments

bolted together. This feature allowed flexibility of the test section

length. Inconel shielded thermocouples were mounted in the walls of the

test section at fifteen-inch intervals. The tips of the thermocouples

penetrated into the air stream by one-sixteenth-inch thereby reducing

the perturbation to the flow and yet provided reasonably reliable internal

wall temperature. The air temperature measured on the centerline of the flow,

two test-section diameters upstream (2-inches) of the fuel injector was reported

as the inlet air temperature. The ignition delay time was computed from the

air flow rate, which was accurately measured in a calibrated rotometer, the inlet

air temperature and the observed distance between the exit plane of the fuel

injector and the stationary flame front. The average equivalence ratio was

calculated from the known total air flow and fuel flow rates.

The liquid fuel system consisted of a 1.5 liter stainless steel

cylinder which was pressurized with dry nitrogen in order to feed the fuel,

at a controlled rate, through a calibrated rotameter into the fuel vaporizer.

A series of solenoid valves were programmed via electronic time-delay-relays

so that the liquid fuel flow was pulsed at 20-30 second periods with a muchi
longer time between fuel pulses. The minimum fuel flow time was dictated by

the volume of the fuel vaporizer which was filled with one eight-inch diameter
stainless steel balls and the time required for the liquid fuel to flow from
the control valve to the vaproizer. The continuous nitrogen flow through tle

vaporizer during the fuel flow constantly purged the bed of any fuel which

remained from the previous fuel pulse. Thus, the uniformity of the fuel com-

position from one pulse to another was assured.

The air used in the test facility was obtained from a 150 CF4
compressor which pressurized a 3000 ft sphere to 100 psig. This large volume

reservoir provided an abundant supply of clean, dry air for the two propane-

air fired pebble-bed burners. The pebble-bed consisted of a fourteen-foot

long, 18-inch O.D. pipe which was internally lined with a monolithic high
temperature refractory insulator. The bed was comprised of one-inch and one-
half inch diameter pure alumina balls which were randomly packed and retained
in place at either end by inconel grids. The total heat transfer surface area

of tie bed was about 800 ft2. Approximately 1000 pounds of alumina balls were
used.

Tit bed was heated by two propane-air burners which were designed
and fabricated especially for this system. The burners, which operated at
flame temperatures of about 3000'P, were mounted at either end of tie bed
and oach burner had a capacity of about 250,000 BTU/hr. The nomal heat-up
procedure called for te firing of tie primary burner for about 3-4 hours which
heated til bed to abouL 2300°F. The primary burner was then shut-off and tie
secondary burner, which was located downstream of the bed, was fired-up.
This burner heated the pebble-bed transition section which coupled tie air

heater to tie autoignition test section. Since all of the exhaust gases
from both burners exited through the test section, it was simultaneously
heated.
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When the test section temperature reached a pre-determined level,
the secondary burner was shut off and the combustion air diverted through the

inlet of the pebble bed. Because the test section was not externally heated
there was a natural cooling curve associated with its radiative and conductive
losses. This cooling rate determined the time interval before the pebble-bed
and test section must be reheated to the initial high temperature conditions.
Normally, the actual time available for the autoignition tests was about 2
hours when the air temperature decreased to 8000K.

A schematic drawing and photograph of the experimental facility are

shown in Figures 6 and 7 respectively.

Experimental Procedures in THE-CFS

The autoignition delay times at one atmosphere pressure were

measured by visually observing the location of the stationary flame-front
with respect to the location of the fuel injector. In the majority of
cases the flame front, once established, remained stationary, but occasionally
its location fluctuated by 10-15%. Observation of the ignition reaction was
accomplished through a number of one-quarter-inch high quartz viewing windows.
Typical air velocities in the test section were varied up to 1000 ft/sec. over
a temperature range of 850-1250*K.

The prevaporized fuel--nitrogen mixture-was concentrically injected,
for time intervals of 15-20 seconds, into the continuously-flowing air stream
through a shower-head injector designed to assure critical fuel flow (Figure 5).
Although Figure 5 shows the end of the hypodermic needle as being outside
the tip of the fuel injector, it was found in subsequent tests that similar
ignition characteristics were obtained when the needle tip was inside the
fuel injection. Occasionally the small holes of the injector were plugged
with carbon due to the pyrolysis of the fuels. Ho.ever, the injector was
easily cleared by injecting water into the injector while it was hot. The
overall equivalence ratio was maintained between .01 and 0.3 since it was
found that autoignition of richer mixtures were erratic and sometimes violent.

The liquid additive candidates were injected by an electrically
driven 50 cc. glass hypodermic syringe and fine needle arrangement into the
fuel injector before mixing with the heated air. The residence time of the
fuel-additive mixture in the injector was 2-3 milliseconds. This was suf-
ficiently long for t.borough mixing of the fuel vapors and the additive to
occur. This arrangement ensured that th-n effluent combustible stream was
truly representative of a bulk fuel blend. The average mixture temperature
was generally the boiling temperature of the fuel.

After the preliminary additive screening was completed via syringe

injection, the most promising compounds were blended with the fuels in various

concentrations. Blends of the neat fuel with various additives in concentra-
tions up to 50 volume percent were prepared and successfully tested. When

ignition of the mixture occured, the distance between the tip of the fuel

injector and the flame front was measured by means of a scale perma-nently

mounted on the test section.
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Gaseous ignition promoting candidates such as NO, NO2, N 0, CO
H 22 and 0 were injected into the vaporized fuel-nitrogen mixture hrough a
calibratea orifice which was located 4 inches upstream from the tip of the
fuel injector. This distance translated to an average residence time of about
3 milliseconds at the flow conditions. Candidate additives such as H2, CO,
NO N2O and 0 2 were easily handled by conventional metering techniques. However,
a separate control and metering system was used for nitrogen dioxide because
of its physical and chemical properties such as high vapor pressure, high density,
strongly oxidizing and corrosive nature. The NO2 was metered as an equilibrium
mixture of N 20, and NO @ 700F through a calibrated pyrex rotometer fitted with
teflon pressur seals hroughout. The N204 was 99.5% purity and was procured
from the Matheson Company. The shipping container was equipped with a full
length eductor tube which allowed the cylinder to be pressured with gaseous
nitrogen. A constant nitrogen pressure was maintained over the liquid N204
expelled the liquid through a stainless steel line to the pyrex rotometer
tube. The liquid flow was controlled by a set of fine metering valves. One
of the valve bodies contain a short length of a #22 hypodermic needle (.013
inch O.D.) which served as the critical pressure metering element in the flow
system.

C. The Platinum Catalyzed Autoignition
Test System (PCS)

The experimental arrangement illustrated in Figure 8 was utilized
to determine the hydrocarbon autoignition promoting characteristics of a noble
metal surface over the temperature range of 500-1150*K. The .008-inch thick
platinum metal tube was six-inches long and had a one-inch bore diameter.
The tube was inserted into the 1.065-inch diameter test section such that the
leading edge (edge nearest fuel injector) of the catalytic device was 10 inches
downstream of the concentrically positioned fuel injector. The platinum tube
was held in position by a thin metal shim which was .020" thick x .5" long
and located in the narrow annulus between the platinum liner and inner test
section wall. The stainless steel test section which was the first of the
five segments of the 75 inch long device previously described in Section IiB,
was attached directly to the heated-air source. The exit of the short test
section was open to the atmosphere so that the products of the hydrocarbon-
air reactions were exhausted into a 6-inch diameter steel duct. The entrance
to the exhaust duct was 8-inches downstream of the test section exit. The
location of the platinum tube within the test section was arranged in such a
manner as to allow observation of the thermal history by color change, of the
catalyst through the quartz windows-which were located along the Aength of
the test device. The test section was well instulated. An inconel sheathed,
chromel-aiumel thermocouple located 2 inches upstream of the fuel injector, on
the axis of the duct, was utilized as the source of air inlet temperature data.
The thermocouple's output was recorded on a dual channel, variable speed
potentiometric recorder having a 10-inch span. The temperature resolution
was 2.5 degrees centigrade with an accuracy of 0.25% of full scale.
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The fuels tested in this device were all liquids at room tempera-

ture and their flow rates were accurately determined by a calibrated roto-
meter. The entire fuel system was exactly the same as described in Section
IIIB.

The experimental procedure consisted of observing the equivalence
ratio (0) at which autoignition of the fuel occurred as a function of tempera-
ture over the range of 500-1150*K. The air stream velocity was calculated

from the measured flow rate and temperature through the duct. The maximum
velocity occuring at the highest temperature was about 150 feet per second.

The corresponding ignition delay times were proportional to the flow velocity

and varied from 5 to 10 milliseconds. Ignition was defined by the establishment

of a flame front within the test duct. Although "cool" flames, characterized

by their light blue appearance, were observed for all of the fuels tested,
their appearance was not considered as an ignition-point.

The effect of n-propyl nitrate addition in a 15 volume percent
concentration mixture with ten different hydrocarbon fuels was also evaluated
in the catalytic test apparatus. The equivalence ratios of the fuel blends
were corrected for the presence of the n-propyl nitrate. The liquid fuel

rotometer was recalibrated for each fuel-additive blend because of the large

increase in the liquid mass flow due to the improvement of the fuel viscosity

by n-propyl nitrate. An example of this improvement was that Shelldyne-H,
had a viscosity of nearly 13.5 cs at 100'F and with 15% addition of n-propyl

nitrate the viscosity was reduced to 4.8 cs. Table III is a summary of the

viscosity improvement characteristics of n-propyl nitrate i Shelldyne- as

a function of additive loading and bulk liquid feed temperature.
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SECTION IV

RESULTS

A. Fuel Ranking Under WSR Conditions

The residence times or "pseudo ignition delay" times (T) measured at
lean-blow out points in the Well-Stirred Reactor for all of the hydrocarbons
tested were correlated to the combustion temperature by the simple Arrhenius
relationship

T A (eEa/RT)

where A is a constant, Ea is the "overall" activation energy of the reaction,
R is Universal Gas Constant and T was the absolute combustion temperature
measured at the point of blow-out. The residence time, T was measured in
milliseconds. "Best-fit" curves were drawn through the experimental points
for the sake of clarity. This method of ranking the chemical activity of
hydrocarbons is at best only qualitative, therefore any implications which
can be drawn from the apparent change of the global activation energy was
considered to be superfluous within the bounds of this study.

Normal Paraffins

The Arrhenius plots of the n-paraffins, methane, ethane, propane,
butane, hexane, octane and tetradecane are compared in Figure 9. Propane,
because of its well documented chemical kinetic behavior via other experimental
techniques was the reference fuel. In the temperature range of 1400-1600 K,
the residence times of all the alkanes were nearly alike and varied from 0.6 to
3 milliseconds. The global activation energies calculated from the slope of
the curves varied from 18 to 28 Kcal/mole. Butane, for some anumalus reason
behaved differently compared to the other members of the alkane family.

eClnerally, tie average residence time of the nor a paraffins
measured for lean mixtures in the temperature range of. 1400-1600*K decreased
as the length of the chain increased.

Branched Paraff ins

Figure 10 compares the residence times of 2-methylpentane (C U)
and 2,4-dimethyl peittane (C1 1 ). Compared to the base case-propane--tteir
residence' times were longer over the temperature range of 1400-1600*K.

Apparently the presence of the methyl group on the straight chain had the
effect of foreshortening the length of the chain, thus making the molecule
more resistant to chemical attack. At lOK, th value of T for the C
and C7 branched paraffins compared to the C6 norml paraffin he"neO, 'as
2.5 and 2.9 milliseconds respectively. Hexane had a value of t of 2.2
milliseconds., The slopes of the curves of the branched paraffins were
greater indicating that their activator energy was greater than the
straight chain hydrocorbous.
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Cyclic Compounds

Generally, the hydrocarbons belonging to this family were observed
to exhibit longer residence times compared to the base-fuel, propane. The
computed activation energies for benzene, cyclohey, :ne, bethylcyclohexane and
decalin (decahydronapthalene-trans) shown in Figure 11, were slightly greate:-.
than the energies calculated for the normal and branched paraff ins. Benzene
had the longest residence time compared to decalin which was observed to have
the shortest T, For any C hydrocarbon tested, benzene had the longest
residence time. 6

Olef ins and Acetylenes

Figure 12 contains the "ignition-delay" data for a mono-olef in,
a diolef in and an acetylenic hydrocarbon. The rather steep slope of the
curve for 1-hexyne, the acetylenic fuel, immediate attention. Because
the activation energy, computed from this curve, is so much in variance with
the other fuels tested, no general remarks may be made concerning the relative
ranking of the acetylenic hydrocarbons. However, referring to Figure 14
which is a com~posite comparison of the ignition delays of all the fuels
tested at 1500"X, it *appears that htexyte-1 has the shortest "ignition-delay"
of all the 6-carbon molecule compounds at 1500*K.

The mono-olef in, octene-l, has similar ignition characteristics
to the long chain paraffin oetatie. Apparently, the leingth of tile straight
chain is more important. than the presence af the single double bond.

The diolef in, 2 methyl, 1,3* btitadiene, is less reactive titan Ohe
long-chain mono-oef in or the base case, propane, over the same temperature
range. Theo- presence of two douttle bonds in this molvenle langthens thle

Mixed t Al

Figure 13 comprC8 the "ignit ionl-delayW' obtainled f or the titiedd
fuels; JP-70 Shelldyu10-11 and, the. hydrogenated dimer of tielonadnL
(Xd'D-i). caeuse of the htigh vi,, oosity of She *yn-li and XPV~-, etao
to the light hydrorhens, it was dif f ieizt to Obtain 01e Mayimum NSeA flow
rate through Ove atowiting orifice which was 1e t it the. fieel -j?, oriter
iectioo of tbo WS)R aytme. The high density.aW v eotsity of S!l N -H
vould have reqeired bigher fuel tank exlsiott pr~ur, !a and alteratioll of
the site of the vaposrizer atevmiting element in the UISR ayinto, both of which
vero difficult to achieve. tracause of the geotter iW t1W 4ata, the activation

enrgtes obtained from the igition delay data wo-re unertain. Tile general
behavior of tis clasg of mixed fucls vas indicutivo, of tha results obtainted
An thte.cyclic cououussoni figure 11.
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The results of the neat-fuel tests are summarized in Figure 14
where the minimum reference time (T) is plotted (f) carbon atoms. At 15000K,
the data show that the residence time decreased as the length of the straight
chain alkanes increased. The erratic behavior on n-butane cannot be explained,
except to say that perhaps the sample contained a large fraction of butane
isomers as the remaining data show that the residence time increased as the
number of methyl groups increased in branched paraffins.

B. The Effect of Heat Losses on the Equilibrium
Combustion Temperature in the WSR

TableIV is a comparison of the measured and analytical combustion
temperatures for propane, assuming thermodynamic equilibrium. Although
propane was the fuel in this instance, the same trends were observed
with the other hydrocarbons. These results show that as the loading factor
(N/VP1 .8) was increased at constant equivalence ratios the measured flame
temperatures increased and approached the theoretical value. The equilibrium
calculations were performed for initial reactant temperatures of 450*K. The
experiments were also conducted at 450*K. Even at the highest loakliag factor
(4.5) there was a large difference between the measured and theoretical flame
temperatures. Logically then, it seemed that the heat losses, although lower
at large loading values compared to low values of (N/VP1 *8), weri significantly
affecting the combustion processes.

Table V is the result of heat loss calculations for the experimental
conditions given for propane burning at one-atmosphere pressure. In the
equation for spherical conduction, the presence of the exhaust holes were
ignored because of their relatively small total area compa'*ed to the area of
the insulating material. The thermal conductivity of the fire-brick was
obtained from the manufacturer and was about .003 calories/sec-cm-*K. The
AT across the wall thickness (X) of the thermal insulator was determined from
thermocouple measurements of the inner and outer surfaces. The inner surface
temperature was assumed to be the same as the measured flame temperature. The
heat input (Qin) calculated from the known rate of fuel flow and its heat of
combustion was compared to the conductive heat losses (QL) as a function of 0
for a fixed loading value of 4.7. The percent heat loss due to thermal couduc-
tion through the walls of the reactor was observed to remain relatively constant

*? over the range of 0 from 0.48 to 1.08. The constantly small average heat loss
*/ at the loading value of 4.7 indicates that the large differences in combustion

temperatures shown in Table 4 could not be explained by conductive heat losses.
It appeared that some other mcchan .sm was responsible for the low combustion
temperatures. Longwell( 2 ) also observed that heat losses,oeven very small
heat losses, drastically altered the space heat release rates. He showed
that heat losses of 5 and 20% reduced the maximum heat release rate by 30
and 85%, respectively. He also showed, as reported in this study, that

these values were not significantly affected by 0. The rather small heat
losses calculated for the reactor used in our study (3-5%) are responsible
for the lower combustion temperatures due to the decreased c:hemical reaction
rates which resulted in lower heat release rates.
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TABLE IV

Comparison of Theoretical and Experimental Combustion
Temperatures for Propane at 1 ATM in the Well Stirred Reactor

.o3 0.5 0.7 0.9 1.0

TTHEO (OK) 1217. 1637 2000 2273 2346

@ 450*K initial state
1.8N/VP 4.5

TMEAS (OK) 1250 1540 1760 1890 1940

@ 450*K preheated

18
N/VP =, 3.5

(OK) 1240 1530 1740 1870 1900

G 450*K preheat N/VP1.8  2.5

T (OK) 1100 1390 1610 1730 1750
o0K preheat
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TABLE V

SPHERICAL SHELL HEAT LOSS
CALCULATIONS FOR PROPANE AT 1 ATM

Initial Conditions: 4500rK

(NVP 1. 4.7
Air Flow 88 l/min

(QL)/ec (Fuel Flow) (QL) (Qin)
Ca/ec /sec. K~l/e

44.2 1.08 .0675 3.04 1.457
44.6 .95 .0592 3.48 1.280
46.0 .835 .0523 3.92 1.175
38.0 .735 .0458 3.84 0.990

352.615 .0384 4.25 0.827
33.0 .480 .0300 5.08 0.650
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C. Effects of Homogeneous
Additives on (T) in the WSR

Because of the large number of tests required to produce the
data points shown in Figures 15 through 20 the reactor volume slowly
became enlarged with time. When the volume changed by more than 10 percent
it was replaced. In order to take this slow variation of reactor volume into
account, the base fuel, without additives, was tested before and after a
series of four additive tests. Over that short period of time, the reactor
volume remained essentially unchanged. The additive residence time data
were norma''zed with respect to the T of the neat fuel and plotted as x
(fuel + additive)/T(Fuel) over the 1400-16000K temperature range.

The complexity of the oxidation reactions of hydrocarbons and
the effect of free radicals or other intermediate species on the total
oxidation process, precluded any quantitative interpretation of the role
of the additive on "ignition delay". It appeared, however, that ease of
formation of free radicals upon thermal cracking was an essential prerequisite.
An attempt was made to determine the qualitative effects of various classes of
additives on different fuel structures. Because oxidation processes proceed
in different manners in long-chain, branched molecules and cyclic structures,
the response of these fuels to additives were expected to vary.

Normal Paraffins (n-Octane)

The varying effects of different classes of homogeneous additives
in n-octane are plotted in Figures 15, 16 and 17 over the temperature range
of 1400-1600°K. The additives .found to be generally most effective in reducing
T were those compounds containing -G 2-C12-groups such as tert-butyl hydro-
peroxide, cumene hydroperoxide, 2-butoxy ethanol, etc. This class of compounds
was observed to decrease r at low temperatures while promoting an increase in
the residence time at higher temperatures. The other additives tested in n-
octane included 4 nitro compounds, nitrate mid nitrite esters and an epoxide,
propylene oxide. Generally, these classes of compounds were less effective
in reducing T over the temperature range of interest *K, with the exception
of n-butyl nitrite which in a 5 volume percent concentration reduced the resi-
dence time by nearly 70Z at the loweet temperature, 1400*K.

* Olefilns (Octene-l)

The additives found to be effective in reducing T in the straight
chain mono-olefin, octene-l, were in general also observed to reduce. T in the
n-octand system. However, the effect of the nitro paraffins, and nitrate or
nitrite esters were much more pronounced as shown in Figures 18 and 19, in
the olefin compared to the alkane. Of the nine different additives tested in
octene-1 the only compound which proved to be relatively ineffective in reducing
T was ethyl nitrate. All of the additives, however, decreased Y at low comustion
tempermtures, by as much as 802, and had an inhibiting effect at temperatures
above !j5OOK. These data seem to indicate that the presence of the double bond
in the straight chain increases the effectiveness of the homogeneous additives
in. reducing v.

39



-7T,

°K

10 1610 1560 1520 1470 1430 1390 1350
9I I I
8 - 5 VOLUME PERCENT IN n-OCTANE
7 - v TERT BUTYL HYDRO PEROXIDE

o 2(2-n BUTOXYETHOXY)ETHANOL
6 - BENZALDEHYDE

a 1,2-Bis(2-METHOXYETHOXY)ETHA NE '
5 - 2-BUTOXY ETHANOL

CARBONDISULFIDE
CUMENE HYDRO PEROXIDE

'1 £ n-BUTYL NITRITE

3

2

w

)u.9

.6

.4

.3 <N

.60 .62 .64 .66 .68 .70 .72 .74

ZOK

Figure 15 EFFECTIVENESS OF ADDITIVES IN n-PARAF1iS

40



101610 1560 1520 1470 1430 1390 1350
9

7

6

5

4

3

2

.9.

.8 -

.7

*5 VOLUME PERCENT IN P-OCTANE
3S NITROETHANE

o242-ETROXYETHOXYL).-ET4ANOL .
* ETHYL NITRATE

.2 PETHYL OX(ALATE
o 2-ETOETHOXY-EMHL, ACETATE
. 22-DWMETHOXYETHANE

.60 .62 .64 .66 .60 .70 .72 .74
3

10

Figuire 16 EFFECTiVENESS OF AD~iTIVES IN n-PAHAFFIN

41

* Igo



OKI

1610 1560 1520 1470 1430 1390 1350
10
9

7

6

4

2-]

g-

-0 00

.6-

15 VOLUME PERCENT IN n-OCTANE

.4 o ISOAMYL NITRATEI
0 METIAYL NITRATE

vPROPYLENE OXIDE
0NIThOBENZENE -

I A

.60 .62 .64 66 .68 .70 .72 .74.

10~

figure I I -EVVEC1(VENCSS (W. AODIflVES IN in-PARAFFI S

42



101610 1560 1520 1470 1430 1390 1350

7 5 VOLUME PERCENT IN OCTENE-1
lo MIETHYL NITRATE

6
0n-BUTVL NITRITE -

5NITROETHANE -

o NITROBENZENE
ra PROPYLENE OXIDE

3J

2

.'9

.4

.3

.2

.
.60 .62 464 .66 .68 .10 .72 .74

10~

Figure, 18 EFFECTIVENESS OF ADDITIVES IN OLEPINS

4 43



-, - ~. OK

1610 1560 1520 1470 1430 1390 1350
10
9
8
7 5 VOLUME PERCENT IN OCTENE-1

aETHYL NITRATE
6 0 CUMENE HYORO PEROXIDE
5 ~o 1,2-IMETHOXYETIIANE

i> 2-BUTOXYETIAANOL
4

:3

2

LL

S .8

%. .7

.6

#3

.2

.10

Fi±gure 19 EFFECTIVENESS OF AOWXTIVES111.01LEFIN4S



Complex Fuels (JP-7)

Figure 20 illustrates that those additives containing the -CH2-CH2-
groups were more efficient promoters at high temperatures. Similar effects
were observed in n-octane with some of the same additives.* In JP-7 the
inclusion of 5 volume percent 1,2-dimethoxy ethane had an inhibiting influence
on T at low temperatures while promoting ignition at high temperatures. The
most effective additive in JP-7 was observed to be rn-butyl nit-rite, which
decreased T by more than 50 percent at 1400*K. Cumene hydroperoxide, propylene
oxide, and nitro benzene also exhibited ignition promoting characteristics,
but in a somewhat less effective manner than they behaved in the olefinic fuel,
octene-i.

JP-7 contains about 75 percent paraff ins, mostly normal and iso com-
pounds, an aromatic concentration of 2-4 percent and the remainder as napthenes.

4 This high paraffinic content may explain the similarity of the effectiveness of
some of the additives in JP-7 and n-octane. The difference in the relative
magnitudes of the observed reductions in T was attributed to the cyclic hydro-
carbon concentration in JP-7. In the initial tests of neat fuels it was
observed that compared to alkanes or alkenes, the cyclic compounds were more
resistant to ignition as manifested by the longer residence times.

D. Autoigriition of Neat Hydrocarbon Fuels
In thO SUbaonic Continuous Flow Apparatus

Figure 21 contains the autoignition delay time characteristics of
lean mixtutz, of various neat hydrocarbons observed in a subsonic, continuously.
flowing uni-Liated air stream at one atmosphere pressure. The least-square

lo were titaitied from a linear regression analysis and conform to the
familiar Arrhenius relationship T = MAoRT. Tito ton different hydrocarbons
were selected i-r evaluation on the basis of their performance in the WSR,
previously discussed, and their practical application in ramjet propulsion
systems. The data indicated that all of the complex fuels such *as Shelidyne-Il,,
JP-7, H-HCPD and cyclohe~ono had similar auutigution delay characteristics
over the temperature range of 1050-1250*K. At the taference temperature of
l000'K. the order of activity, in terms of increasing ignition la&, was found
to be: eyclohexene, H.-I4GPD, JP-7 and SIhelldyne-1. The slopes of the curves
were similar thus indicating that the overp'1l-gradual actiyatioa energies iiero
similar for these dense fuelIs.

The ignitiOn lags Of prop36*,%* n-actante and n-tecradecane were
observed to increase slightly as the length~ of the straight alkant- Chain
increased. At 1000"K propane had an ignition lag time Of 34,milliseconds
compared to 37 and 42 willisecoalds, respattively for n'Octaae and n-tetr'%.

4. 45



OK

10 16 110 1560 1520 1470 1430 1390 1350
I I I.

9 5 VOLUME PER~CENT IN JP-7
8 0 METHYL NITRATE
7 o ETHYL NITRATE

o BUTYL NITRITE
6 0, NITROETHANE

SNITROBENZENE
5 APROPYLENE OXIDE

*CUMENE HYDRO PEROXIDE
4 *BUTOXY ETHANOL

A 1, 2-DIME THOXYETHA NE

2

L.8

+ .7

.3

.2

.30

Figure 20 EFFECTIVENESS OF ADDITIVES IN JP-7

46



(OK)

100 1300 1200 1150 1100 1050 1000 950 910

AIB C,D E F GH .J

A SHELLDYNE-H
a JP-?
C CYCLOHEXENE
o II-MCPD
E ti-TETRADECANE
F n-OCTANE
G OCTENE-1
M PROPANE
I OCTENE- 1 1, 3,6-HEPTATRIENE
J 1,?-0CTADIENE

.75 .Go .85 .90 .95 Lo L05 140
410 3/yK

FIGURE~ 21 IGNITION DEWAS OF~ NEAT HYDROCARUoNs IN THE C1FS

47



The ignition lags of the olefins which included octene-l, and 1,7-
octadiene were observed to be nearly the same or less than the lag time
observed for propane. Compared to propane, the ignition lags at 1000*K
were 25 milliseconds for 1,7-octadiene and 36 milliseconds for octene-l. A
f irther indication of the effect of increasing the number of double bonds in
a straight chain, on the ignition lag was ascertained by blending octene-i
with 1,3,6-heptatriene in equal concentrations. This fuel blend was observed
to exhibit an ignition delay time less than observed for the octene-l alone,
indicating that the tri-olefin 1,3,6-heptatriene probably had an ignition
lag shorter than the mono-olefin. Further evidence which supported this view
was the fact that the ignition sequence of the blend of olefins was observed
to occur in two distinct phases. Upon injection of the fuel into the hoL
air stream, two ignition flame fronts were simultaneously established in the
duct separated from each other by a distance proportional to their individual
ignition lags. In a few seconds, the flame front farthest from the fuel
injector slowly propagated upstream and coalesced with the first flame front.
The combined flame fronts remained fixed in that position for the duration of
the test run, which lasted for 25 seconds.

Binary Fuel Blends

The ignition of all the fuel blends consisting of compounds having
greatly dissimilar ignition delay characteristics were observed to occur in
a two stage process as described in the previous section. The ignition delays
of two fuel blends consisting of JP-7 with octene-1 or 1,3,6-heptatriene with
octene-1 were compared with JP-7 or octene-1 in Figure 22. These results
clearly show that the ignition lag time of JP-7, which was relatively unreac-
tive compared to propane, was significantly reduced by blending with a fuel
which had a shorter ignition lag. A blend of equal concentrations of JP-7
and octene-1 (curve B, Figure 22).was observed to ignite with a delay time
of 54 milliseconds at 1000*K compared to a 36 millisecond delay for octene-I
alone and 145 milliseconds for JP-7 alone. The same results were inferred
from a comparison of Curves C and D of Figure 22 which illustrated that the
blend of octene-1 with 1,3,6-heptatriene exhibited significantly lower ignition

* delays than the most ignition resistant fuel which was octene-1. The ignition
lag of 1,3,6-heptatriene by itself was not measured because a sufficient quantity
was not available (cost of material was $3.40/gram).

Overall, the ignition delay characteristics of long chain olefins,
especially di and tri-olefins were significantly less than long chain alkanes
having the same number of carbon atoms. Figure 23 compares the ignition lags

*i of a C8 paraffin, manolefin and diolefin. There was a significant reduction
in the ignition lag time as the number of double bonds was increased. In
addition, the slope and magnitude of the ignition delay curve for the blend
of octene-1 with 1,3,6-heptatriene was observed to be similar to the curve
for 1,7-octadiene. This similarity indicated that the 1,3,6-heptatriene
which contained three double bonds had an ignition delay lower than the
diolefin since its reactivity was impaired by blending with a less reactive
fuel, octene-l. It is well knownk that the unsaturated hydrocarbons
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are easily oxidized at relatively mild thermal conditions; the degree of
oxidation or pyrolysis increasing with the number of double bonds present
on the straight chain. These facts were borne out during the experimental
tests with the di and tri-olefins which were observed to pyrolyze in the
tip of the fuel injector and even in the fuel vaporizer. The inclusion of
homogeneous chemical additives, which affected the oxidation stability of
the olefins, was observed to sharply increase the rate of coke formation in
the fuel injector and vaporizer. Although these deposit formations were a
nuscence, they were quickly removed by the injection of steam into the
vaporizer and injector. The well known water-gas shift reaction converted
the coke to CO at temperatures within the operation limits of the system.

E. The Effects of Homogeneous
Additives on T in the CFS

The magnitude of the autoignition promoting effects of the
homogeneous additives were observed to depend on ,the chemical nature of
the additive as well as the molecular structure of the fuel ir which they

were evaluated. Because of the large number of different fel-additive
combinations tested during the program the results are presented by discus-
sing the additives effect as a function of the molecular structure of the
hydroc--bon fuels they were evaluated with.

Generally, the magnitudes of the ignition delay of the fuel blends
we're inversely proportional to the log of the additive concentration.

Table II summarizes the type and number of various additives tested.

Effectiveness of Alkyl Nitrates
And Nitrites in Alkanes

Although three alkane fuels were tested--propane, octane and
tetradecane--the effects of the following additives were determined in only
the C8 aid C14 normal paraffins.

nitric oxide (NO)

wethyl nitrate (CR3 0N0 2 )

ethyl nitrate (C211 50 N02)

iso-amyl nitrate (i-C51 11 ON0 2 )

butyl nitrite (C411 9ONO)
tert-butyl nitrite (t-C4 H9ONO)

amyl nitrite (cSRl ONO)
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Methyl nitrate exploded when it was injected into the autoignition
test section via the hypodermic syringe technique described in Section IIIB.
The syringe contained 10 cc's of material. The eventual recovery and recon-
struction of the hypodermic needle fragments clearly showed that the methyl
nitrate decomposition reaction was initiated inside the needle in the vicinity
when the wall temperature changed abruptly from room conditions to a temperature
above the boiling point of the liquid. The 12-inch long hypodermic needle was
made of type 304 stainless steel and had an internal bore diameter of .013
inch and a wall thickness of .004 inch. In retrospect, the possibility of
such an explosion was evaiuated prior to the test with the conclusion being
that the long, small bore-diameter hypodermic needle would act as an explosion
trap. Needless to say, it did not. It appeared that a high order detonation
reaction may have occurred.

Auto decomposition of methyl nitrate at its boiling point (65*C)
is well known to result in explosion or detonation. No further tests were
conducted with methyl nitrate after that occurrence.

The other members of the alkyl nitrate and nitrite family, whic'
V have boiling temperatures which range from 630 to 177*C as summarized in

Table VI, were subsequently evaluated, without incident, in n-octane and
many other different hydrocarbon fuels via the hypodermic syringe injection
technique. The effectiveness of these additives in promoting the autoignition
of lean mixtures of n-octane in air, over a temperature range of 950 0-1250 0K
are illustrated in Figure 24. The volumetric concentration varied from one
additive to another because of their different fluid densities and viscosities.
However, by comparing curves C, D, E, and F of Figure 24, all of which represent
the effects of similar additive concentrations, the dramatic ignition promoting
effects of the alkyl nitrates and nitrites are apparent. Curve G, which was
obtained for a 50 volume percent loading of ethyl nitrate, represents an
improvement in the ignition delay of n-octane by a factor of 10 at 1000*K.
At 1250°K, the additives were less effective& The next most efficient ignition
promoter was observed to be iso-amyl nitrate. The nitrite esters were slightly
less effective titan the nitrates. The tertiary isomer of the C nitrite was
far less effective than any of the other alkyls tested. Curve of Figure 24
shows the effect of 25 volume percent nitric oxide.

The reduction of the autoignition delay time of n-octane by these
additives was also observed to be accompanied by a drastic change in the
apparent "global-activation" energy of the ignition reaction as indicated by
the change in slope of the Arrhenius curves. Employing the standard equation,
which describes this relationship, the activation energy (E,) was reduced from
21 KMal/mole to less than 7 KCal/mole when 50 volume perceni C2UtONO2 was
added to n-octane. 2 5 2
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TABLE VI

PHYSICAL AND CHEMICAL PROPERTIES
OF ALKYL NITRATES AND NITRITE S

* ~ (B.P.) Cost (A H) H (a) (Or
compou@ ) 200C C jayj jj ole Kcal /rnle Wt

UnCRO 91.07 1.10 88 56 -313.39(26) -45.51(6) 50.5

U-C P 7 ONO 2  105.09 1.058 1.10 3 _470.0(26) _57.27 (26) 43.8

U-C-4H90N02  119.12 1.015 123 330 38.6

iC1110O2  133.15 0.996 148 1.5 3.

Nitrites

rCHOO 103.12 0.911 79 19 29.2

t-C4li90N0 103.12 0.92 150 2.

RaC pONO 117.15 0.853 1.04 16 -24.5(27) 25.6
*I117.15 0.872 99 26 2.

a-C8H17 ONO 159.22 0e862 177 127 18.9

(a) Liquid r oom temporature.
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Overall Activation Energy, Ea ( log .-IT 2 ) R. 2.3

where T1 and T2 are the ignition lags (millisec.) measured at temperatures

(OK), T Iand T2. R is the gas constant (1.987 cal mole-' deg.-').

The strong ignition promoting effect of the alkyl nitrates and
nitrites were also observed in the long-chain alkane--tetradecane (C1 4H30).
The Arrhenius plots given in Figure 25 showed that the longer chain
length was more greatly affected by the homogeneous additives, compared to
the C straight chain alkane notwithstanding that the ignition delay charac-
teris~ics of neat octane and tetradecane are similar, as shown in Figure 21.
The overall activation energy (Ea) of neat tetradecane was about 19.5 KCal/
mole compared to 7.5 KCal/mole in curve D of Figure 25 which was for a 42
volume percent concentration of n-butyl nitrite (C H9ONO). At 10000K the
ignition delays of tetradecane and octane with sinlar concentrations of n-
butyl nitrite were 4.5 and 5.5 milliseconds, respectively.

The ignitions of the alkane-additive blends were extremely colorful
to the eye. The additives were seen to thermally decompose as evidenced by
their characteristic grey, electric-blue flames located at the leading edge
of the stationary flame front. Attached to this decomposition zone were the
blue-white reaction zones of the hydrocarbon fuels. The tail of the station-
ary flame had a green-yellow color, which was indicative of the well known
NO+O recombination reaction, (25)

Effectiveness of Olefins

Fuels containing double bonds exhibited rapid thermal and oxidative
reactions at high temperatures. The presence of double bonds leads to two
significantly different effects compared to the alkanes. Hydrogen abstraction
which leads to resonance stabilized radicals and addition to the double bond
occurs in the olefins. The ensuing oxidation reactions are quite different
titan those possible in the alkanes. These effects were observed to significantly
alter the autoignition delay characteristics of the neat fuels as shown in
Figure 21. The superior response of olefin .to the additives, compared to the
paraffins, is shown in Figures 26 and 27.

The most effective additive in the tonolefin, octeneo for a loading
of 25 volume percent was ethyl nitrate (CAH ONO2). The other additives,
arranged in their order of decreasing effectiveness were: iso-amyl nitrate,
tert-butyl nitrite, n-amyl nitrite, n-butyl nitrite, and nitric oyAde. Com-
parison of curves H and D of Figure 26 shows that the combination of hydrogen
and nitric oxide results in a synergistic effect as evidenced by the large
reduction T in the case where R2 was added, It is interesting to compare the
slopes of these two curves for it shows that although the ignition lag of
octene has been reduced by nearly a factor of two by the addition of 13 volume
perc 2, with 25 percent nitric oxide, the overall activation energies
derived from curves B and D remain essentially constant. The same concentration
Of H2 without any nitric acid addition produced no ignition promotion.
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The effect of additives in fuels containing two double bonds
is shown in Figure 27. The di-olefin 1,7?octadiene vas observed to be
even more responsive to the ignition promoting effects of the additives
tested in octene-l. Comparison of curve B of Figure 27 with cure B of
Figure 26 shows that a 25 percent concentration of nitric oxide was nearly
twice as effective in the di-olefin compared to the monolefin. The activity
of the alkyl nitrates and nitrites in the diolefin were equal to or greater
than their effects in the monolefin.

The apparent increase in the rate of oxidation of the olefin
catalyzed by the homogeneous additives was also observed to promote the
formation of coke inside the fuel injector. The many small holes of the
fuel injector-tip often times became plugged with solid, carbonaceous
deposits. The severity of this problem seemed to be dependent upon the
quantity and type of additive used, generally being more severe for the
best ignition promoters. The formation of coke deposits did not occur
i mediately but was the result of repetitive tests with olefins and alkyl
nitrates or nitrites. It was found that the injection of water into the
hot fuel injector (>6000C) resulted in the generation of CO and H20 via
the Water-Gas Shift Reaction, thereby purging the injcction of the deposits.

The overall activation energies of the ignition reactions of neat
octene-I and 1,7-octadiene over the temperature range of 950*-1250*K were
calculated to be 24 and 21 KCal/mole, respectively. The addition to octene-l,
of 25 volume percent, ethyl nitrate, reduced the ignition lag by nearly a
factor of 10 and lowered the activation energy to 7 KCal/mole. Similar
behavior was noted for 1,7-octadiene.

The ignition reactions of the olefinic fuels promoted by the
additives were characterized by the appearance of the grey,-electric-blue
decomposition reaction of the alkyl nitrates and nitrites at the leading
edge of the reaction zone. The reaction of the hydrocarbon was evidenced
by the attachment of a blue-white flame to the grey decomposition flame of
the alkyl. The characteristic green-yellow glow of the NO+O recombination
reaction followed in the tail of the established flame. At temperatures
below 900*K, "cool flames" were observed at the exit plane of the test
section before the additive was injected. However, the alkyl nitrates and
nitrites reacted in such a way as to inhibit the appearance of the "cool
flame".

Another interesting effect which was observed in the tests with
olefins and nitrogen esters was that the injecticn of tertiary butyl nitrite
into the octene-l or 1,7-octadiene flame zone did not form characteristic
grey, bright-blue decomposition zone previously observed for the other
nitrogen esters. Subsequent tests with just the tertiary butyl nitrite and
no hydrocarbon present showed that the exothermic decomposition reaction of
the tertiary nitrite isomerloccurred without the appearance of any visible
emission. This observation was subsequently found to pertain to all the
tertiary nitrogen esters over the temperature range of 950*-1250*K. Below
950"K, their decomposition reactions were visually observed as low intensity
grey flames.
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Effectiveness in Complex Fuels

The category of Complex Fuels consists of Shelldyne-H, the hydro-
gens:ed dimer of methyl cyclopentadiene and JP-7. The molecular structure
of Shelldyne-H was not completely identified but from the results of some
simple analytical tests it was determined that the structure could be
similar to the following:

H H

C~ 3  ~ C

CH2  C1

"HC C "CH 3

H H

(C1 H)

Based on elemental analyses and mass spectroscopy Shelldyne"lH is a mixture
of polycyclic unsaturated hydrocarbons with mol.cular masses of 184, 186
and 188. The material of mass 186 was the major conttituent. Relating
the elemental analysis to the mass, the carbon-hydrogen ratio for the major
component was C14 H18 which is in agreement with the proposed molecular
structure.

It was important to ascertain the structure of Shelldyne-H after
the strong ignition promoting effects of the nitrogen esters were observed
in this fuel.

The effectiveness of various additives in promoting the ignition
of Shelldyne-i are summarized in Figures 28 and 29 for 50 percent loadings.
In Figure 28, nitric oxide and n-octyl nitrite were tested in concentrations
of 25 volume percent. Compared to the very large effects the nitrogen esters
had on promoting Shelldyne-l ignitions, the additives such as ethyl oxalate,
tort-butyl hydroperoxide and 1,2-dimethoxy-ethane were relatively ineffective
for the same volumetric loading. Of these, the most effective additive was1,2-dimethoxyethane. The alkyl nitrates and nitrites, without exception,
had very strong ignition promoting effects. The least effective of these
was tort-butyl nitrite and the most effective were, in their order of decreas-
ing effectiveness: n-butyl nitrate, n-propyl nitrate, iso amyl nitrate and
ethyl nitrate.
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The overall activation energy of neat Shelldyne-H was reduced
from approximately 40 KCal/mole to 12.5 KCal/mole when 50 percent n-butyl
nitrate was added. The ignition delay time was likewise reduced from 180

milliseconds to 2.7 milliseconds at 10000K.

The autoignition of neat Shelldyne-H at high inlet air tempera-
tures was observed to occur with the emission of intense yellow-white
radiation. At lower air temperatures the flame zone was less intense and
resembled the typically blue-white flames observed in paraffin and olefin
hydrocarbons. The partial combustion of Shelldyne-H at temperatures
below about 1050*K produced gaseous products which irritated the nose and
throat as well as the eyes.

The addition of any of the alkyl nitrates or nitrites to Shelldyne-H
caused the severity of the irritants to be lessened since more complete com-
bustion of the Shelldyne-H occurred at lower air temperatures. The ignition
flame front of these blends were similar to the other hydrocarbon nitrogen

Yi ester flame zones except that the Shelldyne-H flame was extremely bright
yellow-white. It was only after the air temperature decreased below 1000*K
that the characteristic grey, bright-blue flame associated with the decompo-
sition of the nitrogen esters was observed.

F. Optimization of Alkyl Nitrate
Concentration in Shelldyne-H

The high specific gravity and high heat of combustion of Shelldyne-H
made it the number one fuel candidate. In order to optimize the additive
concentration and the total volumetric heat release values, the ignition
promoting effects of varying concentrations of n-propyl nitrate in Sheildyne-1t
were determined by preparing blends. The heating values of the blends were
calculated from the published thermodynamic data obtained from references 26
and 27. n-Propyl nitrate was closen as the additive because of the following:

. Availability
* Low Cost
* Good Physical Properties - High Sg.
* Moderately High A lie
e Good Ignition Promoter (28)
e Military Applications as a Mono Fuel ( 8

Upon blending varying quantities of propyl nitrate with the viscous Sheldyne-1i
it became apparent that the viscosity of the blend was substantially less
than it was for neat Shelldyne-l1. Vie ease with which the flow rates of the
blends could be controlled as indicated by the glass rotometer flow metering
device was remarkable. Subsequently, such properties as viscosity, freezing
and boiling points and flash points of various blends were performed at the
Fuels Laboratory of Wright-Patterson Air Force Base. Vhe results of those
tests are given in Table Ill. Figures 30 and 31 show the effects of n-propyl nitrate

63



C 3H 7NO03 CONCENTRATION (VOL. 7) tN SHELLDYNE-H

100
90-
8 0 A 25 -IN FUEL BLEND

70 -5( 50 - SYRINGE INJECTION SHELLDYNE-H
C 25 - SYRINGE INJECTION
0 20 -IN FUEL BLEND

40- E 15 -IN FUEL BLEND
IF 10 -IN FUEL BLEND A

305 -5IN FUEL BLEND

20-

A

cE A

9 -
8- 7
76

5-

G

44



IGNITION DELAYS MEASURED AT 1000%K

100 II

70

60

40

301

~20

~ 8 UH-MCPD

7/

SHELLDYNE-H

3

0 5 10 15 20 25 30 5

C H NO3 CONCENTRATION (VOL. A

F'igur~e 31 Comparison of Effectiveness of C3li ONO2 in Shelldyne-Hi

and H-ZICPD 1000OK Air lolet TemperatLure

65



concentration on the ignition delay of Shelldyne-H over the air inlet
temperature range of 900*-1250*K. The ignition lag was observed to vary
inversely as the log of the additive concentration with the major reduction
in t being realized at a concentration of about 8 volume-percent.

The same additive concentration effect was observed for Shelldyne-H
blends with n-propyl nitrate as well as for the separate injection of the
additive via the hypodermic syringe technique. Curves A and C of Figure 30
clearly show the similarity. These results demonstrated that any pre-ignition
reactions occurring inside the fuel vaporizer when the blends were tested

. were either not significant as the same results were obtained when the additive
was injected directly into the hot air, vaporized fuel stream.

The superior ignition promoting characteristics of the alkyl
nitrates and nitrites or nitric oxide in hydrocarbons indicated that the
mechanism responsible could be attributed to either of the following:

9 alkoxyl radical resulting from the thermal decomposition of
the esters.

* NO or NO2 resulting from the ester decomposition.

* Increase in heat release rate of the mixture due to the
combustion of the esters.

The thermal decomposition of all the alkyl nitrates and nitrites occurs
with cleavage of the O-N bond and requires about 34-36 Kal/mole.( 2 9 ) The
reaction products consist of alkoxyl radicals and either NO or NO2 . From
the previous tests with NO as an ignition promoter, it was establ shed that
compared to other additives such as 1,2-dimethoxyethane, tert-butylhydro-
peroxide and other alkoxyl radical sources, the promoting effects of nitric
oxide were many times greater that% an equivalent amount of the peroxide
compowids. Or. the basis, the alkoxyl radicals were ruled out as the siguifi-
cant ignition promoting species.

The relatively low heats of combustion of the lower molecular
weight alkyl nitrates or nitrites, compared to the hydrocarbons as seen in
Table 6, rules out their thermal effects as being a significant influence
itt promoting ignition.

The only remaining possibility was that the auotignition of the
hydrocarbons wa effected by nitric oxide and nitrogen dioxide which were
products of thermal decomposition of the additives. Figure 37 is a compilation
of all the ignition delay data obtained for Shelldyne-il blends with varying
L concentrations of different m,. lecular weight alkyl nitrates and nitrites. By
normalizing the ignition delay time as a function of the weight fraction of
NO or NO2 generated in the thermal decomposition of the nitrates or nitrites,
the data shov the following:
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1. The ignition promoting effects of the esters are independent
of the ester's position within the homologous series.

2. The nitrate esters, because they are the source of NO2, are
about twice as effective as the nitrite esters which produce
NO upon their decomposition.

3. Generally, about Q weight percent NO or NO2 results in the
maximum ignition promoting effect which was approximately
inversely proportional to the logarithm of the additive
concentration.

4. The promoting effects of equivalent amounts of neat nitric
oxide compared to nitric oxide evolved during the decomposition
of the alkyl nitrites have similar characteristics but neat
nitric oxide is less effective than NO as the decomposition
product. The same results were obtained with the alkyl nitrates
and neat NO2. The increased promotional effects of the ester's
decomposition products compared to neat NO and NO2 were attri-
buted to the slight ignition improving properties of the alkoxyl
radicals as previously observed and shown in Figure 29.

Figure 32 shows the results of the addition of large concentrations
of neat NO2 to Shelldyne-H over a broad temperature range. The ignition
delay was independent of the NO2 concentration above 8 weight percent as
evidenced by the constant slope of the curve for NO2 concentrations that
varied from 23.8 to 71 weight percent. .

Additive Effectiveness in i-ZHAPD

Tile high density (although somewhat lower titan Shelldyne-H) and
high heat of combustion of fully saturated methylcyclopentadiene also made
this fuel a good candidate for volume-limited propulsion applications. Tile
optimization of additive loading and the screening of ignition promotion
ef fects with other types of additives -%s carried out much in the same
manner as previously described for ,heidyr~e-l. Figure 33 shows that the
alkoxyl radical generating additive ' 2-dimethoxyathane was almost non-
effective in reducing the ignition lag time of II-HCPD in a 25 volume-porcent
concentration. On the other hand, the alkyl nitrates and nitrites were
observed to be good promoters of lI-HCPD ignition. The nitrate and nitrite
esters were less effective in ii-HCPD compared to Shelldyne-Il for equivalent
additive concentrations and the air inlet temperature ronge of 950"-12500K.
Tle overall activation energy of 11-HCPD ignition derived from the Arrhanius
temperature dependence was about 35 KCal/mole compared to 40 KCal/mole for
Shelldyna-Ii. The addition of 25 volume percent n-butyl nitrate to II-(cPD
reduced the activation, energy to 10.5 KCal/mole. A similar reduction in
activatiou energy wag .bserved in Sholldyne-H.
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The visible flames of the H-MCPD with alkyl nitrates and nitrites
were similar in character to the Shelldyne-H flames, except that the
intensity of the latter was much greater. The fluid viscosity of H-MCPD,
although only 23 centistokes at 00F compared to 35 centistokes for Shelldyne-H,
was also noticeably improved by the addition of low concentrations of the
nitrate and nitrite esters.

Table VII is a comparison of the physical and combustion character-
istics of neat hydrocarbon fuels and blends of n-propyl nitrate with either
H-MCPD or Shelldyne-H. It was previously shown that the best homogetteous
additives were the alkyl nitrates and nitrites. Since each compound within
their respective homologous series thermally decompose to affect the auto-
ignition reactions in the same manner (O0-N bond fission), the exact family
member chosen to represent that class of compounds was a compromise which
was dictated by such factors as; cost, heat of combustion, density, flash
point and weight fraction NO available. n-Propyl nitrate was selected as
the candidate which fulfilleA those properties.

Although Table VII compares propy. nitrate blends with Sheildyne-l
or li-MCPD for two different concentrations, the ignition delay data and
thermodynamic data given for the other fuels in Table VIII allows one to com-
pute the effect of additive concentration on the volumetric heat release
and ignition delay for other fuel blends.

Additive Effects in .JP-7

The chemical composition of JP-7 is typically 90 percent normal
and isoparaffins, 5 percent aromatics and the remainder as napthenes. The
average number of carbon atoms is in the range Of C11-C14 . The molecular
formula is best represerted as C121126, Because of the wide dispeisement
of JP-7 in the field, this fuel was also considered as a possible candidate
for supersonic combustion propulsion applications.

Figures 34 and 35 sumnmarize the effects of: various ttomogeneoug
additives oil the ignition lag of J-?. The fuel used in all,' the testo was
received from Air Force stores and was not identified furLher'.

The alkyl nitrates and nitrites or nitric oxide were observed to
be thle must effective igoition promoters compared to such~ additives as 1,2-
dimethoxy-othane, 'ertiary butylbydroperoxide mid ethyl oxolate. For' 25
volume percent additive concentratious the most effective additives were
ii-awyl nitrite and iso-amyl nitrate. Curve C of Figure 34 4110vi thle
ignition promoting effect of tn-b%.,yl nitrite on a bifiry fuel blend con-
S19ting of JP-7 and octene-i, compared to the additives effect In JP-7
alone. As has been observed previously, the preg*once of tile double-bond
In OcC0110-1, enhallced the Offectiveness of tile alkyl nitrite in reduciog
the overall Ignition delay of theo binary fuel blend.. Figure 35 shows thle
same effects for various binary fuel ble~nds for 25 Volume percent nitric
oxide additions. These results show that nitric oxide seems to be mat,
L lffective it lung chain paraf fins such AS n-tttadecane compared to n1-octalle.
The two, aouble bonds In 1, 7-octadiene. clearly Is Moice receptive to the
ikpitol proLing effects of nitric oxide than either JP'4 n-ctane or
octeno-l.
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TABLE VII,

PHYSICAL AND CHEMICAL PROPERTIES
OF HIGH DENSITY FUEL BLENDS

BTU BTU '7' lOO.K

Fuel S-Gal. Lb. - (Milisec.)

Sheildyne-H, 1.1 163,000 17,800 180

50 SeldneU1.08 117,250 12,950 2.5
50% C3H7 N03

75 SeldnU1.09 139,000 15,300 3.5
25% C3H 7N03

1I-MClFD - 0.93 143,000 18,400 145

75% H-MCPD 0.96 124,900 15,600 5.5
25% C3H7N03

n-C 3 117N03  1.06 71,500 8,100 2-3

JP70.80 124,000 18,600 , 110



TABLE VIII

HEATS OF COMBUSTION-OF VARIOUS HYDROCARBONS

Fuel Mol. Wt. -Hc (KCal./Mole)

n-Propyl Nitrate 105.1 470

Cyclokiexene 82.1 842.4

Cyclohexane 84.2 875.6

l-Hexene 84.2 894.2

Hexane 86.2 915.9

Me~thyl Cyclohexane 98.2 1018

4 -Vinyl Cyclohexeae 108. 2 (1100)

(H-M1CPD) 124 1274

Tetralin 132 1288

-Docalin 138 1396

*Sholidyno IIIP 187 1847
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Al.

The overall activation energy derived from the Arrhenius tempera-
ture relationship of JP-7 was 38.6 Kcal/mole. The best additive n-amyl
nitrite reduced the activation energy to about 5 Kcal/mole. At 1000*K the
ignition delay times of JP-7 and a 25% blend of n-amyl nitrite were 145 and
8 milliseconds, respectively.

The ignition of JP-7 blends with other more reactive fuels was
observed to occur in a two phase process. Simultaneously, two discrete
flame fronts appeared in the test duct separated from the injector by a
distance proportional to the relative ignition delay of each fuel. After
a short time the flame fronts merged at a longitudinal distance closer to
the fuel injector compared to the location of the flame front observed for
the least ignitable fuel. The alkyl nitrates or nitrites and nitric oxide
exhibited their characteristic grey-blue flames when added to JP-7. The
ignition of JP-7 produced a blue-white flame much the same as was observed
in tests with the paraffins. The yellow-green tail, attributed to the NO+O-
atom recombination reaction was always observed in varying intensities for
JP-7 blends with the oxides of nitrogen (except N20) or the nitrogen esters.

G. Effects of Nitric

Oxide in Various Fuels

Table IX summarizes the effects of nitric oxide on the autoignition
delay of JP-7, Shelldyne-H, n-octane and 1,7-octadiene. Over the air inlet

* temperature range of 950-1150*K, and a nitric oxide concentration range of
0-50 volume percent, the ignition promoting effect of nitric oxide was out-
standing. At 950*K, the addition of 10 percent nitric oxide reduced the
ignition lag of all the hydrocarbon fuels by at least a factor of two. When
the nitric oxide concentration was increased to between 10 and 25 percent,
the ignition lag of Shelldyne-H was reduced by a factor of 100 at 950*K.

The effects of neat NO2 on the ignition lag of Shelldyne-H was
also determined and the data are shown in Figure 32, Due to limitations
imposed by the experimental technique, quantities of neat NO2 less than 23
weight percent could not be evaluated. The concentration was varied from
23-71 percent over the temperature range of 950-1250*K. The results clearly
show thac the ignition delay of Shelldyne-H is_ primarily temperature dependent
for NO concentrations greater than 23 percent. These results are in accordance
with te previous findings concerning the dissociation of NO2 from alkyl
nitrates which are illustrated in Figure 31 which showed the ignition delay of
Shelldyne-H to be inversely proportional to the logarithm of the additive con-
centration. The addition of up to 50 volume percent nitrous oxide (N 0) to
Shelldyne-H over the temperature range of 950-1250*K had no visible effect
on the combustion process nor any ignition promoting effect.
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However, because all the alkyl nitrates and nitrites thermally
decompose in the same manner with similar decomposition energies (34-36
Kcal/mole(29) it was not surprising that the overall ignition activation
energies calculated from the slopes of the Arrhenius plots were nearly
identical. This similarity suggests that the pre-ignition reaction involv-
ing these compounds were associated with cleavage of the O-N bond.

H. Effectiveness of Miscellaneous Additives

The search for homogeneous ignition promoters resulted in the
evaluation of many different chemical compounds in the continuous flow
system. When a particular additive did not show any evidence of promoting
the ignition of a test fuel, the additive was re-evaluated in a fuel having
a different molecular structure. Long chain alkanes, alkenes, and complex
fuels like Shelldyne or JP-7 were used as the test fuels.

In all cases the following additives did not show any ignition
promoting effects in lean hydrocarbon-air mixtures, in varying concentrations
over the temperature range of 900-1250*K,

oxygen
carbon monoxide
water
hydrogen
nitrous oxide
formic acid
tri-isobutyl borane
carbon monoxide + water

I. Catalytically Promoted Hydrocarbon
lanition in CFS with Platinum

Utilizing the exTerimertal arrangement descri bod in Section IIIC
the hydrocarbon ignition promoting characteristics of platinum were evalu-
ated over the temperature range of 500-11500K, an air flow velocity range
of 85 to 150 feet sec-1 and a maximum Reynolds Number of 104. The equivalence
ratio of the fuel-air mixtures was varied from 0.1 to 5.0. Three dimensional
fluid dynamic mixing calculations, which described the mixture atoichiometry,
temperature and velocity of the reacting streams were performed over the
range of experimental conditions studied. The analytical results indicated
that one-dimensional mixing was developed approximately 10-test section
diameters downstream of the fuel injector (test section diameter is 1.065
inches). lully developed turbulent pipe-flow existed in the area of the
duct where the platinum cylinder was located. The total surface area of
the platinum was 18.9 in.2.

rne possibility that the platinum cylinder's leading edge acted
as a flame holder was assumed to be unlikely because the wall thickness of
the platinum tube was .008 inches. To further satisfy ourselves that the
ignition promoting effects observed were due to the catalytic activity
of the platinum and not due to the physical properties of the material, a
duplicate cylinder made of type 304 stainless steel was inserted into the
test section in place of the platinum cylinder. The hydrocarbon ignition
promoting effects were only observed when the platinum cylinder insert was
utilized.
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An orange glow was observed to appear at the exit of the test
section when NO2 was injected into the air stream in the absence of hydro-
carbons. The intensity of the glow was only slightly dependent upon the
concentration of NO2 over the air inlet temperature range of 900-1250'K.
Attempts to identify the spectral content of the orange glow were not
successfull. Similar tests with NO or N20 produced no visible exhaust
emissions. The nature of the glow seemed to be similar to the observations
reported by other investigators who identified the glow as electronically
excited (N02*).(

30 ,31) Paulsen identified the mechanism as:

NO + M-_ NO2* + M
2 f- 2

NO*2 NO2 + hr

where M is N2 or 02.
J. The Synergistic Effect of H2 + NO

Hydrogen, as a homogeneous additive in concentrations up to 3

weight percent of the fuel flow, had no observable ignition promoting
effect in alkanes, alkenes or cyclic fuels, although t'e hydrocarbon flame
temperatures were much higher due to the AH of hydrogen. However, when
H2 was added to the hydrocarbon fuel in thecpresence of nitric oxide, the
ignition delay of the mixture was much less than it would be when only
nitric oxide was added. The effect of varying the concentration of H2 in
octene-i with 25 volume percent nitric oxide was determined over the tempera-
ture range of 950-1200K, is shown in Figure 36. Clearly, with up to 35
volume percent addition of H2 to octene, there was no improvement in the

* ignition lag at 950*K. However, even at a concentration of 5 percent,
hydrogen was observed to synergistically decrease the ignition lageof
octene when 25 percent nitric oxide was added. Fifteen percent hydrogen
in a 25 percent blend of nitric oxide and octene-I was observed to decrease
the ignition lag by nearly a factor of 2 at 950'K compared to the case where
no hydrogen was present.

K. Auto-Ignition Delay Times of Neat
Alkyl Nitrates and Nitrites in Air

The autoignition delay times of four different nitrogen esters
are plotted in Figure 38. These results were obtained under lean mixture
conditions. The liquid compounds were injected into the hot air stream via
the hypodermic syringe injection technique described in Section IIIB. The
data show that the alkyl nitrites generally rqquire a longer time to ignite
compared to the alkyl nitrates. Another distinct characteristic of these
ignition delay data is the fact that the overall activation energies of all
the additives were extremely low, typically about 5 Kcal/mole. The lowest
ignition delay was measured for ethyl nitrate. Following in their order
of increasing lag times were iso-amyl nitrate, n-amyl nitrite and n-butyl
nitrite. The fact that the lowest ignition lags were measured for the alkyl
nitrates, was indicative of the relatively large mass fraction of NOx evolved
during its thermal decomposition. The nitrites, containing less NOx on a
weight fraction basis than the nitrates had correspoudingly longer ignition
lags.
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drqn the platinum linear was initially tested, as received from

the vendo' , the ignition promoting results were very erratic and unrepeatable.

Shelldyne-H was the first test fuel. In order to eliminate the cause of this

erratic behavior, the platinum was cleaned in concentrated hydrofluoric acid,

reduced in a hydrogen atmosphere at 600
0C for 3 hours and then reinserted into

the test section. The ignition promoting results were again observed to be

unreproduceable and very erratic. Upon inspection of the platinum a tan-

colored film was observed to be evenly dispersed over the entire surface
which had been exposed to the combustion environment. Repeated attempts to

remove the film by soaking in acids, solvents or by high temperature reductions
with hydrogen proved to be futal. Subsequently, it was found that the only
surface preparation method which produced repeatable ignition results was to
"age" the platinum tube, in-situ. The "aging" process was observed to be com-
pleted when repeatable ignition results were obtained over the temperature
range of interest. It is estimated that the platinum surface was exposed to
high temperature oxidizing and reducing atmospheres generated by mixtures of
fuel and air for a total accumulated time of about two hours. Each time an
ignition reaction did occur in the test section, the platinum surface tempera-
ture was estimated to approach the flame temperature, which for most hydrccarbons
was greater than 1500"C. At the termination of each day's tests the platinum
tube was stored under methanol. The surface of the catalyst retained the tan-

film. Continuous exposure, even to very rich products of combustion of various
hydrocarbon fuels did not alter the appearance of the film nor did this exposure
cause any carbonaceous deposits to accumulate anywhere on the surface. The
aame platinum tube was utilized in all the ignition tests reported.

The sequence of events which led to the ignitin of the fuels
was found to vary according to the air temperature. In the temperature
range of 900-11500K, ignition was extremely rapid and produced highly
luminous flames inside the test duct. At temperatures between 5(O-900'K

the ignition sequence consisted of a gradual heating of the platinum
surface as evidenced by orange-red color, followed by the establishment
of the flame front on the platinum surface. At higher temperatures the
flame front anchored itself near the leading edge of the platinum tube. As

the air temperature decreased the position of the flame front moved further
downstream until finally, no flame was visible. However, even though no
visible flame existed below 5500K, the catalytic activity was evident by the
orange color of the platinum tube which resul.id from exothermic reactions
occurring oil thle surface.

The ignition data for various hydrocarbon fuels and 15 volume
percent blends of n-propyl nitrate with the fuels are given in Figures 39
through 43. The tabulated ignition data are given in Table X. The curves
describe the ignition limit of the mixture as a function of air temperature
and equivalence ratio. The area above the curves represents tie ignition
region and the area under the curves defines the region of no-ignition.
Table 8 gives the molecular weights and heats of combustion of the fuels tested.

(a) Englehart, Newark, N.J.
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TABLE X

CATALYTICALLY PROMOTED (Pt)
IGNITION CHARACTERISTICS OF HYDROCARBONS

Equivalence Ratio (0)

Temperature (°K) 550 600 650 700 750 800 850 900 950 1000 1050 1100

Tetralin 1.98 1.73 1.57 1.44 1.37 1.34 1.16 0.86

Tetralin
+ 15 N.P.N.(8) (1.96) 1.23 0.77 0.48 0.32-

1-Hexene 2.08 1.49 1.18 1.01 0.88 0.79 0.71 0.65

1-Hexene
+ 15 N.P.N. 1.50 (0.38)

Methyl Cyclohexane 2.65 1.91 1.70 1.56 1.48 1.41 1.37 1.35

Methyl Cyclohexane
+ 15 N.P.i',. (4.1) (1.15)

Cyclohexane 1.93 1.83 1.82 1.72 1.52 1.25

Cyeohexane
+ 15 NP.N. 1.54 (0.38)

Hexane 1.97 1.48 1.21 1.04

Ilexane
+ 15 N.P.N. (6.6) 1.32

II HCPD 1.70 1.34 1.04 0.80 0.61 0.45 0.33 0.22

11 HC'I
+ 15 .P. 1.18 0.92 0.75 0.61 0.50 0.41 0.33 0.27 0.22 (0.1

Decalin 1.83 1.46 1.26 1.14 1.05 1.00 0.90 0.70 0.64 0.51

Decalill
+ 15 N.P.N. 2.28 1.52 1.16 0.95 0.78 0.67 0.56 0.45 0.36 0.27

Cyclohexenle 1.73 1.24 0.96 0.81 0.75 0.69 0.61 0.54 0.44 0.35

Cyclohexene
+ 15 N.P.N. (1.90: 1.55 1.24 0.94 0.66 0.44 0.38 0.34 0.32 0.31 0.30

Shelldyne -Ii 0.98 0.73 0.60 0.49 0.40

Sheildyne ItH
+ 15 N.P.N. 2.75 2.15 1.75 1.38 1.11 0.89 0.71 0.57 0.38 0.15

4..Vinyl Cyclohexeno 1.671 1.15 0.94 0.83 0.77 0.73 0.71 (0.69)

4-Vinyl Cyclohexone
+ 15 N.P.N. 1.35 0.94 0.71 0.58

* -- (a) n-propyl nitrate volumetric concentration

* .. (parenthemvv indicate extrapolated 0



Figure 39 contains the catalyzed autoignition limits of hexane,
hexene-1 and 15 vol. percent propyl nitrate blends of each of the fuels. The
minimum auto-ignition temperatures of the neat fuels were found to be 650*K
for hexane compared to 700*K for hexene-1. The equivalence ratios of both
fuel-air mixtures was about 3.0 at the rich ignition limit and less than 1.0
for the lean limit.

The addition of 15 volume percent C3H70NO2 to either fuel had a
substantial effect in reducing the autoignition temperature at the rich mixture
limits. The additive effect was most pronounced in hexane as evidenced by the
reduction in ignition temperature from 650*K to 570*K. The additive concentra-
tion in the fuels was taken into consideration wnen the equivalence ratios were
calculated. These results are quite significant when the spontaneous ignition
temperatures reported in the literature are compared to the platinum catalyzed
results. Table Xl is a summary of spontaneous ignition temperatures (S.I.T.)
and flammability limits usually obtained under static test conditions, from the
literature.

The platinum catalyzed autoignition temperature limits of decalin,
tetralin and 15 vol. % blends with n-C3 70NO2 are given in Figure 40. The
lean and rich ignition limits for decalin are 10500K and 5700K respectively
compared to 1090*K and 675*K respectively for tetralin. The minimum ignition
temperatures (N.A.T.) for both of these fuels occured at an equivalence
ratio of 2.0-2.5. The spontaneous ignition temperatures (S.I.T.) reported in
the literature and given in Table X1 are 520'K for decalin and 654*K for
tetralin. The platinum catalyzed minimum ignition temperatures of these fuels
are in general agreement with their published S.I.T. values.

n-Propyl nitrate decreased the platinum catalyzed minimum ignition
temperature of decalin to 550*K compared to only a slight improvement of

* tatrali,'s minimum ignition temperature. flowever, the additive was very
effective in reducing the autoignition temperatures of both fuels at lower'
equivalence ratios, as Shown in curves C and D of Figure 40.

Figure 41 compares the platinum catalyzed autoignition limits of
Shelldyne-H, II-CPD and ISZ C31170N0 2 blends with both fuels. The minimum
autoignition temperatures Shelldyne-l compared to il-NMPD were 785'K and
7300K respectively. The additive reduced the minimum temperature of 1I-MCPD
to 625*K compared to little or no reduction for Sheildyne-I1. Also, as
previously shown in its effect in deceilti and tetralin, the propyl nitrate
substantially lowered the ignition temperatures of both fuels, over the
entire range of equivalence ratios tested. There are no data available in
the literature concerning the S.I.T. values for either of these dense fuels
but as a generalization it may be said that the increased magnitude of the
minimum autoignition temperatures of these fuels would be expected because
they are completely saturated md as such relatively resistive to oxidation.
Shelldyne-1i and II-RCPD had the highest, minimum autuignition temperatures of
any hydrocarbon evaluated in the platinum catalyzed flow device.
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TABLE XI

COMPARISON OF SPONTANEOUS IGNITION
TEMPERATURE (S.I.T.) AND CATALYZED MINIMUM

AUTOIGNITION TEMPERATURE (M.A.T.) OF HYDROCARBONS

(M.A.T.) (S.I.T.) (0) (-A Qc) (-A Q air)

Fuel 0C 0C @ M.A.T. KCal sec- KCal sec "I

Cyclohexane 280 251 1.9 11.5 .66

Cyclohexene 300 244 2.6 >12.0 .70

Decalin 300 250 2.6 10.4 .70

Methylcylohexane 330 265 2.6 14.4 .77

Hexane 350 227 3.0 >12.0 .82

Hexene-1 405 253 3.0 14.0 .92

TetLrall 405 384 2.2 12.2 .92

4-Vinylcyclohexone 415 269 2.0 10.4 .96

H-MCPD 460 -- 2.5 10.5 1.07

Sholidyno-Il 515 -- 1.2 5.8 1.16

(a) Ifeat input of fuel in KCo/Sec. at 0 and (M.A.T.).
(b) Enthalpy of air stlroaw in KCa/soc. at (M.A.T.).
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Some other hydrocarbons which have rather low platinum catalyzed
autoignition temperatures are cyclohexene and 4-vinylcyclohexene. Because
of the chemical nature of these hydrocarbons imparted by the activity of
the double bond, hydrogen abstraction and oxidation reactions at moderate
temperatures are rapid. Figure 42 shows that cyclohexene had a minimum
autoignition temperature of 5700K compared to 4-vinyl cyclohexene which
had a value of 6850K at a similar mixture ratio. The spontaneous ignition
temperatures (S.I.T.) of cyclohexene and 4-vinyl cyclohexene obtained from
the literature were 5140 K and 540*K respectively.

The qualitative agreement between the published values of S.I.T.
and platinum catalyzed minimum autoignition temperatures of these fuels is
quite good. However, the propyl nitrate additive in these fuels was observed
to have virtually no effect on the minimum autoignition temperature for ricn
mixtures. In fact, the additive appeared to slightly increase the minimum
autoignition temperature of cyclohexene.

The spontaneous ignition temperatures obtained from the literature
for methyl cyclohexane and cyclohexane are 5350K and 521*K, respectively.
The catalyzed minimum autoignition temperatures given in Figure 43 show
that methyl cyclohexane's lowest ignition temperature was 600'K compared to
550*K for cyclohexane. The presence of the methyl group increased the auto-
ignition temperature relative to cyclohexane in the referenced values for
S.I.T. as well as for the catalyzed ignition values.

The effect of n-C3H70NO2 addition (15 vol.%) to either fuel reduced
the minimum autoignition temperatures from 600 to 570 0K in methylcyclohexane
compared to a reduction from 550 0K to 535*K for cyclohexane. Although Figure
43 illustrates the effectiveness of n-propyl nitrate over a rather narrow
temperature range, the trends established with other fuels over a much greater
temperature range, indicated that similar promoting effects could also be
expected with these fuels.
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SECTION V

DISCUSSION

A. Experimental Ranking of Fuels in the W.S.R.

A comparison of the WSR residence time data and the widely
published octane-rating and spontaneous ignition temperature data for the (32)
same fuels indicate that the controlling mechanisms are closely associated.(3
That is the fuels exhibiting the longest delay times were also reported, in
standard octane rating tests, to be least prone to "knocking". The work of
Lovell and Campbell'3 3) showed that the critical compression ratio (C.C.R.)
at which fuels could be burned without "knocking" depended heavily upon the
chain length of the hydrocarbon molecule, the nmber and position of methyl
groups, the presence of double or triple carbon bonds, etc. Similar corre-
lation between molecular structure and the WSR data can therefore also be
excepted. To verify this relationship, the experimental residence time data
obtained in the stirred reactor are plotted as a function of the number of
carbon atoms in the molecule, Figure 14 reveals a number of interesting
generalizations for the relationship between structure and the residence
time. Considering the paraffins, it can be seen that in a homologous series,
T decreased as the carbon chain was lengthened except in the case of butane
which had an unexplainably larger T. The addition of methyl groups to a
straight chain paraffin caused X to increase rapidly as evidenced by the
marked change in T .bserved between 204-dimethylpentane and 2-methylpentaie
and hexane. Similar trends were observed in the olefin series. The anomalous
behavior of butane way be due to a sAmilar effect if the "practical grade"
material contained branched chaiu isomers. Unfortunately, the butane sample
was never analyzed.

The presence of double bonds in the olefins with carbon chain
lengths up to 8 required longer residence times than the normal, long-chain
hydrocarbons which contained the same number of carbon atoms. A comparison
of the monoolefin octone-l (CAlll6) and the ni-paraffin octane (C8111 8 ) revealed
that T became similar afe tir chain was longer than about 6 carbons. However,
the diolefin, 2-methyl-l,3-butadiene (C5 118 ) which has two double bonds and a
methyl group was observed to have a largor i that% the five or six carbon
atom n-paraffins. Tto cyclic compounds from benznate to Slhelldyne-H followed
the same general pattern observed iti the ii-paraffins, except that the paraff ins
exhibited shorter T's. liTe fact that JP-7 contained from 2-5 percent aromatics,
about 75 percent paraffins and the remainder as naphenes and exibits a

,rsidencu time similar to that masured in methyleyclohexane (C7111 4 ) and docatin
* (C1 0 1118 ), indicated that the presence of cyclic Lenptminds were deleterious as

far as T was concerned. The presence of ring structures in Shelldyne-l and
the 'iCPD-dimer were indicated by the experimental measurements wihere it was
noted that all of the closed rng structureq behaved some what the sme.
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A multitude of factors contributed to the magnitude of T and the
relative contribution of each factor doubtless varied from hydrocarbon to
hydrocarbon. Fundamental reasons of general 'applicability for the observed
correlation with structure, and the exceptions, cannot therefore be expected.
It was nevertheless profitable to consider some of them. Ignition lag may be(34)
affected by the thermodynamic properties of the fuel. According to Ubbelohde "  

*

the higher the internal energy available the shorter the ignition lag. He has
suggested that the addition of a -CH2- group to methane leads to the formation
of coupled oscillators and thai in this way the internal energy content of the
molecule is increased. This effect is larger in longer chains. Branching
or introduction of a double bond will interrupt this coupling process. Thus,
n-octane had a lower heat content than iso-octane. Double bonds also lower
the heat content and the nearer to the center of the molecule the greater the
effect.

The rate of initial attack of the hydrocarbon by free radicals can
also play a dominant role in determining the length of the ignition delay.
This attack will generally occur by hydrogen abstraction from the hydrocarbon
and will be determined by the number and strength of the CH bonds present.
According to Rice( 35), at 300*C, the relative rate of abstraction of primary:
secondary.tertiary hydrogens is 1,3:33. In complex molecules, the strength
of CH bonds was nut always accurately known and while there can be little doubt
that it was aef cted by substituent groups in the molecule, active qualitative
estimates of this effect will not always be available. Furthermore, the rate
of abstraction may also be affected by steric effects such as might arise
from the presence in the molecules of a bulky group. lenzene has a very high
C-11 bond strength and is quite resistant to oxidative attack--it showed a long
residence time.

ito stability of the combustioki intermediate may also be of
importance. The greater reactivity of aldohydes compared with kotones has
been used by Pope (36) to account for the.enhianced oxidation resistaince of
straight chain aid branch paraffin.

$* i::Similarly, the longer X displayed by mLhine compared to rOhane
or propane or higher hydrocarboas could be rationalized on the basis of the
greater strength of the C-1l boid ini methane. A great many factors can tihus
influence tha chemistry of the reactions .Zoading to ignition which one pre-
domintates in a particular situation cannot always be predicted 4 priori--
while eonsidoraions of some of these. factors can provide the goneral
dirdetional guidelines, thely must be used wilh diffidence.

Loungwell's earlier studies of well-stirred lean blow-out limits
of variow hydrocarbons aind noil-iydro arbons slowed that the data could not
be completely explained ol the basis of ctmbustion temperatureO differences
beti2 n various uels. (23) Iis data also indiated, indeed very strongly,
that Chemical ffeets played a significant role in the combuttiuoi process
leading to blow-out. Nullitis( 3 7) has reported very strong ignition promoting
eifect6 for alkyl nitrates and nitrites in keroseue, whereas Longwell found

9
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that propyl nitrate added to iso-octane had no observable effect in altering
the lean blow-out limits over the temperature range of 1200-1900*K. The
ignition delay data obtained in the present study utilized a WSR as well as
a continuous flow device similar to those employed by Longwell and Mullins.
Similar temperature and chemical effects were observed. Figure 44 is a
composite presentation of the results of these effects which are reflected
in the temperature dependency of (T) in shock tubes, continuous flow devices
and well-stirred reactors.

The group of curves bunched together on the left side of Figure 44
represent the average residence time measured in stirred reactors operating
at atmospheric pressure. The other curves are representative of shock tube
and continuous flow devices. References associated with each of the curves
in the figure are given in Table xII.

Curves 16 and 15 are the ignition data of n-heptane and kerosene,
respectively, reported by Mullins. These data were obtained in a
vitiated air stream at atmospheric pressure with concentric injection ofatomized liquid fuels. Curve 17 represents the "comibustion time" of kerosene
as calculated from the length of the visible flame by Mullins. Ignition data
obtained in the present study as well as by Longwell and Weiss for various
hydrocarbons under well-stirred conditions are plotted in curves 1 through7. It is obvious from a comparison of the ignition delay data obtained
from shock-tubes and continuous flow devices that the characteristic times(Tr) measured in the WSR are generally about 10 to 50 times longer thtanreported for shock tubes or continuous flow devices at the same temperature.
These relationships at first seems to indicate Lhat "tcombustion time" may bethe rate controlling factor in the combustion process; iior the ignition delay
time. Delay times measured in shock tubes for propane mid n-octune reportedby Snydor( 3 8) $ Scheller( 39 ) and iKogarku( 4 0) aro given io curves 18, 21 and 20.
The lonser "combustion times" derived from stirred-reactor moisuraments ofhydrocarbons seems to indicate tit t the processes important in determining
W) via shock tube or continuous flow teehuniques are different from those* associated with "kitet icalliy- limited" stirred reactors. In gexieral, the

hydrocarbons and nion-hydrocarbon additives geem to exhibit a larger variationin behavior due to molecular structure deriving reactions that Co=Lnce at*low temperatures than they vhwod -it t)e * o gh te'mperature stirred reaetor.The low temperature oxidation rectionis and thermal crackinig aire unimportat
*Lin the stirred reactor whereas their importance in low tomporaLure coutincous

flow and shock tube dovinag are paramount.

Thto stirred roactor, when operated in the leall blow-out regionutide-r adiabatic eondlttoon was found to be kinotieally limited.(41,&2
And yet, the residenco times obtained In this divvice are 10 to 50 timeslongr than reported for shock tubewih r als knic yiied.
To explain those differences -okav and otlehL v 0ugse that fhe tOtal
time required to completely oxidize (burni) a hydrocarbon le. a combiliation ofthe ignition-delay tie( 1  ndtebrig time(s.(4 ,44) If the

esidetice ticmes moasured in the stirred reattor are a tobitlatiot fr +-tJ,then the difference beore the stirred roactioli rofidetiee tiwas anid the -ignition delay (T) measured in shock tubes or constant flow systL-u repre-UCPt*; the burning' time (12) of the hydrocarbon. Figure 44 shows tliatiittarly all cases, the burning time (t2  smn ie f1Ot~i~ h
auto-igniti)hI delay time of difrn olecular atructure drca
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TABLE XII

REFERENCE IDENTIFICATION FOR FIGURE 47

Test
Curve#  Fuel System Device Refertmce

1 n-octane + 5% C4H9ONO2 ( <.5) WSR This work

2 Octene-1 (0 <.5) WSR

3 n-octane (0 <.5) WSR

4 Shelldyne-H (0 <.5) WSR

5 n-hexane (0 <.5) WSR

6 Isooctane (0 <.8) WSR Longwell (23)

7 JP-7 (0 <.5) WSR This work

8 Shelldyne-l (0 <.3) CFS

9 JP-7 (0 <.3) CFS

10 n-octane (0 <.3) CFS

11 Octeno-l (0 <.3) ULS

12 Propane (10 <.3) CFS

13 n-octane + 50% C2PlSON02 (0 <.3) CFS

14 Keroson + 50% C2 115002 (0 <.3) U Mullins (20)

15 re (0 <.3) CPS (20)

16 n-heptane (0c .3) CPS - (20)

17 Kerosene Burning Tit (from - " (20)

18 h-oaro (0- .5) ST 8ny 3

,9 Propa o (0 <.5) ST Zt, (49

" 200 Popnin (0 <.5) ST -ogarku (40)

21 Propane (0 <,.) ST Schttlr (39)
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I.........

B. The Effects of Additives in the Stirred Reactor

The effectiveness of the additives tested was found too dependent
upon the molecular structure of the fuel and the flame temperature at the
blow-out point. For example, in Figures 15 & 18 methyl nitrate decreased the} relative residence time of n-octane by about 30 percent and appeared equally
effective over the temperature range of 1450-1600*K. However, when added to
octene-l, methyl nitrate increased the relative residence time by a factor
of two at 1600*K and reduced it by over sixty percent at 1450*K. In JP-7,
(Figure 20) this behavior was reversed in that methyl nitrate was a strong
inhibitor at 1450*K, increasing the relative residence time by nearly a factor
three. AL 1600*K the relative residence time was reduced by seventy percent.

In JP-7, the most effective additive wa3 1,2 dimethoxyethane. Therelative residence time was reduced by 50 perc nt. at- 1400aK and ninety-percent
at 1600N., This additive in octene-1 devreased the relative residence time by
seventy-five percent at 1600N and increased the time at 1400*K. By contrast,
this additive had only a very slight effect in altering the residence time of.n-octano.

In general, the nitrogen esters were less effective ignition modi-
fiers at low temperatures comipared to the peroxides and nitro paraffins.
Indeed, some of the nitrogen esters exerted inhibiting effects at low te-
peratures and promoting kgnition at higher temperatures. The chemical
effects attributed to the alkoxyl radicals which are decomosition products
of the thermal dissociation of the nittrogen esters were of considerl importance
in the ultimate effects of these additives. Ethyi nitrate had a MUch greater
modifying effect than mLthyl nitrate over the sao temperature rangc. The
alkoxyl radicals are well known as Intermedites in the pyrolysis of nueroui
organic peroxides and In the doeomposition of e xlosives. They initiate
p"lytLmeriation and take part in oxidationt reactions, The rupture of the C-i1
brtid in alkoxyl radicals is likely at high temperatures anid is considered to
be ost likely to occur iii methoxy! and athoxyl radicals. 1th unimlecular
mode of dcoumpositiun is described by:

2 KCal

etloxyl: C W + alu hit -.

-1th deotapo- .tiut of the alkoxyl radicals via C-C bond fiuscoi requires a
sowhat louwr actlvationk eergyt but at high temperatures the C-1l bond
rupture is thought to be relatively mwre important,

The alkyl itrates and tttrites wodtfy the eoibustic,.i prO)evss intwo prmi.ttot w .ys. First, "a dascribeQ by the f0llowtng reaetloln thercal
doosition oi u-prapyI titrate, the aikoxyl radical lae d:( 4 5)
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n-C3H ONO2  -4 n-C3HO 70- NO2

n-C31H70 -* C2H5 . + CH120

C2H + NO2  - (C2H50 + NO) + C2H5NO

2 25 5-'C 2H 0 ' -- C"3 '  + CHi 0

Cdi3 + NO2  * (CH30, + NO) 4. CH3NOg

n-C31170 + NO -- +n-C 3 HONO

Nitrogen dioxide subsequently dissociates to NO+O. Second, the rupture
of the C-li bond in the propyl radical evolves hydrogen atoms and alkyl
radicals, which participate in the propagation of the chain reaction.

With the exception of ethyl nitrate all the howgen eous additives
tested in octene-1 increased the relative residence time at 1600K and

reduced it at 14000K. Compared to n-octane, all the additivos were about
twice as effective in reducing the residenco time in octeno-i. It is
interesting to UOUicn light. Of thig observatiol ttt aliAhat Ic olefins

*-are generally much ore senritive to Otto-Cycle engine operatLing conditions
tian the correspondiog paraffin when compjared on the bai- of "knockinig"
teodecy. The double bond In the olefins leads to either hydrogen ab.straction
which results in resonat stabilized radicals or addition to tie double bond.

* tle Course of the oxidation reaction which ins rei till i %tre fore bo itelt
Sdfierept. It was not uneoxpected then, that th additive effects were dif-
fet. ill various hydrocarbonm structures.

Whilo ease of thermal di c to free radicAls Is es.ianti"al,
tli nature of the fragoeits had a very marked iifluetro en the officiency of-
thet additive. It is elear diet coujdWVg betweethrdil framets feme
frun the additives ald thoseL originating from ite fuv tliurs. itecic t he
" feet ivenesg Of a particular additive iust We 4Nngloidored In relation to oh
fuel in whiitli it is to be w-ed aitd the tempe aturt a- iit is rquired to
perform. Th senistttvity of homogou, ditto tomper ature In goinral"

aris from differtices Ai the act ivatliol enlergi;es (it the thoernl decoois ioll
of tho additives, and the roactiun iIt whit they participate.

The foregoing eois-iderations wake it obvious that tnt atteult to
draw useful geiwraizatiai about the molectlar Structur required to Mif41iji-

calttly alter the r"sidence tim ill VCe.1-stirred or highly turbulent, back
ixed combustiot devices Is iideed difficult and clAnnot be atte pted until

mor quantitative data beoo available. The trends which IWI. been% obtained
in the WSR study satisficd th goals for whitch the study was originated - to
qualitatively rank the cotbustion ciarae rastict of i ydrocarbon fuels id
homoguneous additivi in a high teoperature kinetically limited system.
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C. Results of Platinum Catalyzed
M.A.T. Tests in the CFS

Tables X and XI summarize the effects of the platinum catalyst on the

minimum autoignition temperatures (M.A.T.) of various hydrocarbons. Generally

the M.A.T. data are in qualitative agreement with the published S.I.T. data,
although the platinum catalyzed autoignition temperatures are always greater,
by varying amounts. The spontaneous ignition data (S.I.T.) indicate that the

order of activity from the most easily igniteable to the least igniteable was
the following:

n-hexane
cyclohexene
decalin
cyclohexane
hexene-i
methyl cy clohexane
4-vinyl cyclohexene
tetralin
H-MCPD
Shelldyne-H

Many other investigators, notably Zebatakis (46 ) and Carhart(4 7) have
shown in static as well as dynamic tests that the long straight chain paraffins

had the lowest S.I.T. of any hydrocarbons studied. They noted thdt the S.I.T.
decreased as a function of the length of the straight chain. Similar trends
were observed for the straight chain alkenes, although as a class, the S.I.T.
of alkanes were greater than an alkane of similar chain length. Cther molecular
structural effects on S.I.T. ware found to be the degree of chain branching

which in the alkanes as well as the alkenes increased the S.I.T., compared to

the straight chain. The cycloparaffins haG S.I.T.'s similar to etraight chain
alkenes, but the addition of side chains to the cyclic compounds decreased
the S.I.T. whereas in the alkanes and alkenes, the side chains increased the
S.T.T. Aromatics were found by both investigators to have the highest S.I.T.'s
of all the hydrocarbons examined.

The relationship between fuel structure and ignition temperature
found by other investigators in experimental systems which were different
from the method utilized in this stddy are similar to the results obtained
in -he platinum catalyzed continuous flow system (CFS). In both situations,
the reactions leading to ignition were dependent upon the ease with which the
hydrocarbon fragments were oxidized. The low temperature oxidation of hydro-
carbons (<300%0) has been well documented and generally occurs in the following
sequence: (47)
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Hydrocarbon Oxidation Below 300C

RH + 02 (initiation) R" + H00 (endothermic) (1)

R" + 02  ROO' (2)

ROO + RH ROOH + R" (3)

ROOH RO + 'OH (4)

RO or R'CH0 R"+CH
2 -42

RO + RH ROH + R°  (6)

Termination Reactions

ROO' + ROO* '7)

R" + R' Non-radical products (8)

R + ROO * (9)

The oxidation reactions that are considered important above 400C are;

RP + 00* Ro + 0011 (10)

RH + 0011 R" + HOOD (i)

R* + 00011 R'CII"( 2 +U0011 (12)

ROOII ROO + *Oil (13)
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Because of the complexity of the oxidation reactions and considering that
both the low and high temperature reactions occur simultaneously, the rela-
tive contributions from each reaction cannot be assigned. Without reviewing
the sequence of reactions which lead to the production of active radicals
which initiate the chain branching reactions, the most important considera-
tion, which significantly effects the overall oxidation rate of the hydro-
carbon is the free radical concentration at the lowest temperature possible.
The oxidation rates of the hydrocarbons are essentially fixed by the tem-
perature of the environment and the hydrocarbon concentration. The addition
of compounds which readily decompose to peroxy, alkyl or alkoxyl radicals
can significantly increase the overall oxidation rate of the hydrocarbon.
These radicals are relatively inert at high temperatures (>600*C) because
of other competing reactions but their catalytic effect on the oxidation
rate at lower temperatures is dramatic. The sensitivity of the hydrocarbon
molecule to oxidation in the low temperature regime from the slowest to the
most rapid was previously given in this section where the oxidation rates
were ranked from the magnitudes of their respective S.I.T. and M.A.T. values.

The production of alkoxyl radicals and oxygen-atoms via the decom-
position of C3H7ONO2 via the following:

-4 0 + NO
N C3H7 N 2  C3 70 2

requires approximately 37 KCal mole "1 The subsequent dissociation of NO2
to NO + 0 below 400*C is relatively slow compared to the lifetime of C3 H70
which has been shown by Gray to be an effective catalyst for promoting low
temperature oxidation reactions. (45)

The experimental data obtained in the platinum catalyzed autoignition
tests of various hydrocarbons indeed show the oxidation promoting effect of
n-propyl nitrate which manifested itself in the reduction of the M.A.T. The
M.A.T. data also indicate that as the temperature increased, the ignition promoting
effect of the n-propyl nitrate increased. This probably indicates that the
oxidation reactions of the hydrocarbons promoted by oxygen atoms were dominant
compared to the effects of tie alkoxy, puroxy and alkyl radicals.

The possibility that ther-mal effects were the dominant force in
decreasing the M.A.T. of the hydrocarbons has been considered. Table X1
compares the equivalence ratio (0), heat input for the total fuel flow sec 1

(Qin) and M.A.T. for each hydrocarbon in the presence of the platinum catalytic
surface. The enthalpy of the inlet air was derived from its specific heat,
mass flow and temperature. Itis quantity describes the thermal energy of
the air stream in the vicinity where the fuel was injected. Vie heat losses
through the walls of the duct were not determined but since all fuels were
evaluated over the same range of temperatures mid air mass flows, tile heat
losses were nearly the sae in all cases.

Considering these circumstances the thermal effects would be
associated with the heat release rates of the various hydrocarbons. Vie
total, heat released by the fuel was a combination of tile slow oxidation
reaction oceuring in the air stream and the heat resulting from the o idation
and/or dehydrogenation reactions or the surface of the platinum.
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Table XI shows that the enthalpy of the air stream over the tem-

perature range of 280 to 515*C varied from .660 to 1.16 KCal/sec. The

equivalence ratio (0) at the M.A.T. for each fuel was observed to be similar--

typically between 2 and 3. The exception to this generalization was Shelldyne-H.

The only other significant variables were the values of M.A.T. and S.I.T.,

the latter of which has already been determined to be dependant upon the

rate of hydrocarbon oxidatLn at moderate temperatures (<400C). Therefore,
utilizing this relationship between S.I.T. and M.A.T., the platinum catalyzed:-

ignitions also seem to be dependent upon the low temperature oxidation rates

of the hydrocarbons. Platinum had a substantial catalytic effect on these
rates as evidenced by the large temperature increase of the platinum tube, I
even when no flame was visible.

The effect of n-propyl nitrate in altering the M.A.T. of various
fuels is more complex in that the heat of combustion generated by the decom-
position of the additive significantly altered the total enthalpy of the fuel-
air stream at temperatures below 700'K. The -AHc of n-propyl nitrate was
reported to be -470 KCal mole-l.(26) Calculations show that at the experimentally
measured propyl nitrate flow rates (15 vol. percent of hydrocarbon flow) the
total enthalpy of the air stream was doubled. Therefore, the decrease of a
particular fuel's M.A.T. below 700*K may be attributed to thermal as well as
chemical effects. The rate of oxidation of the fuel would be significantly
altered by the increase in the stream temperature.

The catalytic ignition promoting effects of noble metals have been
reported by Grenleski and Falk where they measured the ignition delay times
of JP-5 in a subsonic ramjet.( 48 ) Their results indicated that the minimum

autoignition temperature was very heavily dependent upon the equivalence
ratio of the JP-5/air mixture over the temperature range of 600-8300 K. Below
600'K no ignition was obtained even for mixture ratios approaching stoichio-
metric. They proposed a thermal model to account for the effect of the
catalytic surfaces or promoting ignition. They based their mechanism on the
fact that alteration of the noble metals (platinum or platinum-rhodium screens)
total cross section and heat loss characteristics had significant effects on
the measured ignition delays. Since JP-5 is mainly composed of iso and n-
paraffins with small fractions of olefins and aromatics, the S.I.T. and M.A.T.
values derived from the results of our catalytic ignition studies indicate
that JP-5 behaves similar to n-hexane, which was shown to have a M.A.T. of
620 0 K fcr a 0-3.0. The agreement between the autoignition temperatures
measured by Grenliski and the M.A.T. value measured in this study are in
good agreement. This agreement may be fortuitus, but since the experimental
conditions were similar in both instances, the pro-ignition reactions should
be similar.
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D. Ignition Delays in CFS

The autoignition delays of lean (0 <0.3) hydrocarbon air mixtures
over the temperature range of 950-12500 K at one atmosphere pressure can be
approximated by the following relationship.

where: Tr is the ignition delay (milliseconds) A and B are constants derived

from the experimental data. (B =Ea/R)

Ea -measured activation energy (KCal mole')

* R - gas constant (W cal/degree-mole)

T temperature ('K)

The experimental data presented in Section IV-D shows that the
global activation energies varied depending upon the structure of the hydro-
carbon molecule, However, the activation energies of the straight chain alkanes
were similar and had an average measured value of 19.8 KCal mole-1. The straight
chain alkenes had average activation energies of 22.16 M~al mole-1 and the

* ignition delays of this class of compounds were as a class, shorter than the
alkanes. The complex fuels; Shelldyne-H JP-7, H-MCPD and cyclohexene generally
had much larger activation energies and longer ignition delays compared to the
simple li,.drocarbons. The constants, A and B derived from the experimental data
are summarized in the following table.

TABLL X111

IGNITION DELAY CONSTANTS OF HYDROCARBONS

Fuel A______ B_____

propane185 -

Octane 1.8 X 10 9.9 X 10~

octane- 1I
1, 7-octadiene . 0 10 10

ctu-1/1,3,6-1%La~ron

Sholldyne-il 37.2 x 10~ 20 X 10~

JP763.3 x 10~ 19.3 x 10~
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These relationships apply only fonklean equivalence ratios, typically

less than 0.3. The ignition delays of richer mixtures, especially at low
temperatures were found to be erratic and greatly influenced by the average
fuel concentration. If reproduceable ignition delay data could be obtained
for rich mixtures at low temperatures it is likely that the delay times
would be noticeably shorter. This observation ir in agreement with othe f50,51)
investigators who established the definite relacionship between T and 0.
Generally, T was reported to be inversely proportional to 0. Mullins, in a
study of the effects of droplet size and fuel concentration on T reported that
the ignition delay of kerosene was not dependent upon the fuel concentration in
the lean mixture range of 0 from 0.135 to 0.34. (52) The coarseness of the
atomized sp ,ay, however, had a very pronounced effect on t. Changing the
The ignition delay was decreased by 25 percent when thE kerosene was injected

into the air stream ab a vapor (450 0C) over the same range of 0. These same
effects were also recently reported by Billig in a study of the ignition of
alkylated boron fuels.( 53) He observed that T decreased by 40 and 48 percent
when the fuel was preheated from 330*K to 3600 and 4600 K respectively for
lean mixtures. Foure( 54) and Lezberg(55) studied fuel concentration effects
of hydrocarbons, hydrogen and nitrogen esters, respectively, and they all
found that the ignition delays of these different molecular structures generally
decreased when the fuel concentration was increased. However, their studies
were performed for richer mixtures compared to the experimental conditions
descrIbed by Mullins, Billig and in the present study.

Fro%& a review of these results as well is the present work it -
appeared that the ignition delay of various compounds was significantly
affected in mixtures where 0 >.3 while there was no noticeable effe,-;t of
fuel concentration on T in mixtures leaner than .- ,3. It appears then,
that the chemical reaction rates were more severely limited in lean mixtures
compared to rich mixtures.

Thermal ignition is a delicate balance between the heat generated
in the exothermic oxidation reactions and the heat lost through various
physical processes. When these exothermic reactions tire limited, as would
be tie case for lean mixtures the ignition process proceeds slowly compared
to rich mixtures where abrupt and sometimes explosive ignition oeours. In
the latter case the chemical reaction rates, and hence thle totia Iteat output,
are many times grea.or than the former condition. 7
Flame Propagation Velocities T,

f jydrocarbonsb

Il view of the relatively large magnitude of the autoignition
delay times measured in the CPS it is proper to determine what, if any,
relationship exists between the ignition delay and flame velocity of lean
hydrocarbon-air mixtures. Various Investigations (L) have reported the
burning velocities of alkanes to be directly proportional to the square of " N,
the mixture's temperature at one atmosphere-pressure. Although tle
referenced experimental data are for 700*K, if we make the brash assumption
that the same temperature effects exist at aqOO*K, then the extrapolated
flaume propogation velocity of lean mixtures (0 <.6) of n-alkanes in air . N
would be about 40 feet per second. The ignition delay tmas of the alkanes

104
"4



-masured in the CFS were typically 30-40 milliseconds at l000*K. The
average unreacted flow velocity under these conditions was 140-150 feet
per second. The fact that the lean alkane-air mixtures propagated a steady
state flame in this environment implies that the flame speed was even

.greater than the velocity of the unreacted stream. The predominant reasons
:-o ti behavior are likely due to the flame-holding effect of the ignition-
zone- and an increase of the total enthalpy of the reacting flow in the wake
of the ignition zone which may have flame temperatures approaching adiabatic,
equilibrium values; nea- 2000*K. The relationship between flame propagation
and autoignition in a constant area duct is not clear from these data and

*the complex nature of such phenomena requires much more study and thought
' ~-. than has been expended in this brief discussion.

Additive Effects in the CFS

The sensitivity of additives to temperature arises in general
from differences in the activation energies of the thermal decomposition
of the additives and the ignition reactions which they promote. Of the
additive,.s tested which included l,2-dimethoxyethiane, tert-butyl peroxide,
ethyl poxalute as well as a number of nitrite and nitrate esters, it was
found that by far, the most effective were the nitrogea esters.

The-effectiveness of these ignition promoters appears to be
* largely due to the oxides of nitrogen L,' Which they thermally decompose

rather than Wo tt.A',alkoxy radicals which are simultaneously produced.
This become4,obvious when the effect that nitrogen dioxide and nitric
oxide have oiu ignition delays is compared with that of other additives
which yield-.alkoxy radicals almost exclusively, such as polyothers and
peroxides. While these additives are to some extent effective, their
afectiveess in no way compares with that of the oxides of nitrogen.

I t is .jertiacnt at this poin~t to ascertain whether the decompo-
aition of thcae alkyl nitrates and nitrites is sufficiently rapid for them
to affect igxAidon delays by way of the oxides of nitrogen which they

the -aativation energies for the thermal decomposition of these
ositers are appvoximately 37 Real/mole and are essentially the same for
all alky], derivailves in keepiog with the finding that thermal decomposition
occur. principally by scission of the -0-N bon d.() Tile decomposition
reaction accurs- very rapidly-typically in less than 1 millisecond at
1000'X. Ats idated in Figure 37 the effectiveness of the various nitrite
and Y'4trate. ats is essentially the same oil a mass fraction NO~ comparison.

;.P, It m~ight also be noted that in geneoral, wigaturated fuels are more
rosponisiv to those catalysts. Tile presence of a double bond in the olefin
molecult. leadv, to two Important effects which are not possible in paraff ins,
rawely Irydrogen abstraction which results in resonance stabilized radicals
and addition to the double bond. The course of the oxidatiou reactiolt that
leads to I1giong will therefore-be quite different.
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Because of the greater susceptibility of olefinic fue..s to
ignition promoters, the effect of oxides of nitrogen and of alkyl nitrites
was investigated on binary blends of octene-l with JP-7 and other fuels of
practical importance such as Shelldyne and H-MCPD.

It was first established that the addition of octene-i caused
the JP-7 to ignite much more readily although tne ignition delay of the
blend is longer than that of the pure olefin. The ignition of this binary
blend was seen to occur with the establishment in the test duct of two
distinct but simultaneous flame fronts. Soon after ignition had occurred
in this manner, the flame farthest from the injector eventually moved
towards the first flame front and coalesced with it. Doubtless this merging
of the two flame fronts is due to an increase in the stream enthalpy result-

ing from the combustion taking place behind the first flame front. The
addition of n-butyl nitrite to a JP-7/octene-I blend eliminated this dual
ignition. At a temperature of 1000*K this is in fact equivalent to decreas-
Ing the ignition delay by a factor of 15.

A strong synergistic effect was observed when hydrogen was
added to a fuel which already contained nitric oxide. A similar effect
was reported by Snyder(3 8) in shock tube studies of 112/ahir mixtures which
were sensitized with NO or N02 . The data obtained in the present study
plotted in Figure 36 show very clearly the addition of hydrogen dramatically
decreases the ignition delay of octene-1. This improvement in the ignition
characteristics of the fuel reaches a maximum when approximately 10 vol.% of
hydrogen has been added.

It is pertinent at this point to speculate in the light of these
observations on the reasons for the effectiveness of oxides of nitrogen as
ignition promoters. The nitrogen oxides are normally thought of as inhibitions
of gas phase reactions at low temperatures and concentrations.(57) Tile com-
plexity of the basic combustion processes coupled with an incompletely known
high temperature chemistry of those oxides make it difficult to arrive at an
unambiguous explanation for their influence on the ignition process even
though it has beeti the topic of a number of investigations.( 5 8 ) The special
and positive role which they play in this temperature range is probably best
rationalized in terms of the oxygen atoms which they generate either by the
following reactions:

O + 0 + 0 &H *46kcal (I)

N •+ o / & 72 kca (

or in some ways such as by reaction (4). Figure 45 is a comparison of the
oxygen atom aid oxides of nitrogen concentrations as a fullction of time,
calculated for the kinetic behavior of NO aid NO2 in air at 10000 K via
equaticns 1 and 2.

Tie replacement of hydrocarbon radicals by oxygen atoas as the
initial chain carriers allows the pre-ignitioh reactions to proceed via an
ordinary chain branching reaction rather by relatively slower degenerate
chain branching.
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It has been suggested that the role of the oxides of nitrogen(59)
is to replace a relatively inert radical like HO2 which acts as a chain
terminator, by a much more reactive species like OH which is capable of
propagating the oxidation chain. This substitution could occur in one of
the following ways

HO2 + NO - NO2 + OH AH = -10.9 kcal/mole (3)

or No2 + NO N02---- +0 (4)

In both these reactions, nitric oxide effectively removes a chain
breaking species and replaces it by a chain propagating one. The experimental
evidence accumulated in this study suggests that reaction (3) as such could
not account for the observed role of NO. If OH radicals are supplied from
hydroperoxides the decrease in ignition delay is considerably less pronounced
than when oxides of nitrogen or additives which readily yield them, are used.
Another argument which can be adduced against reaction (3) is that it does
not explain the synergistic influence of hydrogen which greatly reinforces
the ignition promoting properties of the oxides of nitrogen. For these
reasons reaction (4) is favored. Reaction (4) is even more attractive when
the thermal decomposition of HNO 2 which it produces is considered. At the
high temperatures at which the present study was carried out, such a decom-
position will occur md result in the generation of Oil radicals and the
regeneration of NO to continue the cycle.

r"0 2 40H + NO (A "-50 kcal/mole) (5)

The alternative path for the decomposition of HNON2 can be ruled out
because of its high activation energy.

I2+( ..... H H (AL -80 kcal/mole) (6)

It must also be pointed out that the enthalpy changes which
occur in the hydrogen abstraction by NO2 in a reaction such as

+ R - + M

are approximately 30 Kcal less endothermic than the correspomding abstraction
by oxygen.

iRh + 0 - > R+ 2  (8

Reaction (7) could therefore also contribute to the ease of
ignition by providing an easier route for the Initiation reaction to occur
auid by producing ILN0 2 hich then becomes a source of hydroxyl radicals via
reaction (5). 2
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While these reactions might help shorten, ignition delays, rapid

chain branching via oxygen atoms would doubtless have a very much more pro-
nounced effect. That oxygen atoms are formed where nitrate or nitrite esters
or oxides of nitrogen are present in the combustible mixturewas revealed by
the characteristic grey, green-yellow color of the reaction zones. The
greyish colorwas associated with the decomposition of thv nitrogen esters
and the green-yellow colorationwas-characteristic of the NO + 0 recombination
reaction.
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SECTION VI

CONCLUSIONS

The three important conclusions which resulted from character-
izing the ignition and combustion behavior of hydrocarbons under subsonic
flow conditions in the 4SR and CFS are:

1. The chemical processes important under WSR blow-out conditions
are drastically different in the CFS as evidenced by the varying effect-
iveness of homogeneous additives which are well known promoters of
oxidation reactions via free radical chain branching initiation. The
"pseudo-ignition delay" times obtained in the WSR are really the total
combustion times.

2. The homogeneous additives found most effective in promoting
ignition in subsonic flows (CFS) were the alkyl nitrates and nitrites
or nitric oxide and nitrogen dioxide. Nitrous oxide was inert. A
surprisingly large synergistic effect between H2 and nitric xoide was
observed. Although hydrogen, but itself, had no promoting effect. The
oxygen atoms generated via the thermal decomposition of the nitrogen
esters are thought to promote ignition via replacement of inert radicals
like 11O 2 with Oil on an alternate reaction leading to the production of
KN0 2 which at moderately high temperatures participates in a regeneration
cycle where 011 and NO are produced to continue the cycle. The synergistic
effect of 112 + NO observed experimentally helps support the latter
reaction, as being most probable. The nitrogen esters, (n-propyl nitrate)
reduced the ignition delay time of Shelldyne-11 and 1-NCPD by mainly a
factor of 100 at 10009K, while alkoxyl radical generating additives had
relatively minor effects in promoting ignitions in the CFS. The ignition
delay was found to be inversely proportioned to the logartim of additive
concentration, Tite well known low temperature vapor phase Inhibittng
reactions of the nitrogen oxides VWre 1no obsetwed in the range of 900-
1250*K.

3. In a floving system, the platinum catalyzed vapor phase
oxidation reactions of hydrocarbons reduced their minimum autoignition
temperatures from about 1050"K to 700-800K for rich mixtures. Increasing
the rate of the low temperature oxidation react ions via addit ion of
n-propyl nitrate to the hydrocarbon reduced the minimum autoignition
temperatures of the deoge fuels to 550-650"K which are approximately the
spontaneous iglition temperatures (S-I.T.)of the fuels repo ed in therliterature.

in summry then, the mitimum autoignition temperature; (H.A.T.)
and tgnition delay times () of Shelldyne-1t or H-44PD have been reduced
by the addition of n-propyl nitrate from 10500K to 550-650K and from
180 and 145 milliseconds to 2.5-3 milliseconds, respectively.

The optimum fue) blends have the phyetcal and chemical properties
required of a volum-limiwtd propUtlaao system propellait.
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SECTION VII

RECOMMENDATIONS

Promotion of the rates of low temperature vapor-phase oxidation of
hydrocarbons via heteregeneous catalysis has been shown to drastically
alter their minimum autoignition temperatures. The experimental data
indicate that ignition near the surface of the platinum metal occured
when the exothermic oxidizing processes within the boundary layer were
greater in magnitude that the local. heat losses due to conduction and
convection. The relatively good agreement between the measured minimum
autoignition temperatures and spontaneous ignition temperatures published
in the literature support the proposed mechanism. However, since these
data are only qualitative, it is recommended that a program be instituted
to concern itself with the quantitative identification of the reactions,
their chemical rates and the effect of catalyst surface area and formula-
tion on these parameters, The end results of such a program would be
invaluable in the process of designing catalytic "flameholders" or com-
bustion chambers for subsonic as well as supersonic flows. The enhance-
ment of the low temperature oxidation rates of high density hydrocarbons
by heteregeneous catalysis would reduce the chamber volume required for
complete combustil; a worthwhile accomplishment, indeed.

Although the greatest emphasis is associated with the future
study of vapor phase heteregeneous catalysis, there are other technical
areas which have been identified during this study, that merit some
consideration in the future.

Of most interest, from the standpoint of designing supersonic
ramjets, is the effect of pressure on tie autoigition delay time and
the total combustion times of hydrocarbons. Although the reoults of this,
study showed that the ignition lags of dense hydrocarbons were reduced
by a factor of 100 at atmospheric pressure, by the addition of Iwmogeneous
additives, it is likely that these gains would be much lower at low con-
bustion pressures. Tlie relative tiportance of the speed of tie chemical
reactions at low pressures - typically 0.1 atm - would be iaucreaaed since
the combustion times were approxi ately inversely proportional to tile squard
of the pressure, as determined by Wll-Stirred Reactor measuremeuts.

It I highly recovaended that the ignttion promoting effects of

homogeneous additives and heteregeneous catalysis on hydrocarbons be
studied in a low pressure tfast flow environment, which closely Approxiates
a subsonic ramjet. It would be premature tu attempt to study these
complex phenolena in supars nic flows at this tim.
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ABSTRACT

This report presents the results of theoretical and
experimental studies upon neat fuel combustion character-
istics and combustion enhancement techniques for hydrocarbon
fuels. The investigation covers cyclic and long-chain type
fuels with emphasis on the heavy hydrocarbons including
H-MEPD and Shelldyne-H.

The theoretical study is concerned primarily with the
modeling of kinetic mechanisms necessary to characterize ig-
nition delay times for neat fuel and neat fuel/additive
systems. The study shows that a modest scheme comprised of
a subglobal partial oxidation step coupled to a wet CO

J.. mechanism is capable of predicting the observed ignition delay
times for both cyclic and long-chain hydrocarbon fuels.

Furthermore, it is shown that the effect of additives upon
ignition delay time can be simulated by introducing added
amounts of free radicals in the initial reactant mixture.

The experimental study preserned here is concerned with

ignition and combustion characteristics of neat and neat/

additive fuel systems under supersonic flow conditions. The
investigation includes both vaporized and liquid fuel injection.
For both modos of injection the experiments indicate that super-
sonic combustion of these heavy hydrocarbon fuels is feasible
and that the neat/additive fuel system displays combustion
performance which is superior to the neat system. Nevertheless,
significant differences in performance between the two modes
was apparent. Specifically, for the vaporized injection mode
qua-itative agreement between flame luminosity and temperature
measurements was observed whereas, for the liquid injection

* mode, no such correlation between luminosity and quantitative
measurements was obtained. In addition, it was found that the
performance of the vaporized heavy hydrocarbons relative to
the base fuel improved continuously with increasing ambient
total temperature level, whereas, in the liquid injection mode,
this improvement dsteriorated at total temperature levels above
approximately 1500 R. Possible mechanisms to explain the differ-
ence in behavior between the two modes of injection are pre-
sented and discussed.
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INTRODUCTION

Theoretical performance studies have established the
potential operational gains offered by airbreathing ramjets,
SCRAMjets and composite systems flying in the hypersonic
regime at moderate altitudes. Perhaps the single most im-
portant consideration in terms of system characteristics is
that of achieving the potential performance with the minimum
possible hardware volunte. Thus, high volumetric heating
value fuels which are highly reactive with air are necessary
to optimize the system within the volume limitation require-
ments.

In terms of combustion performance overall combustion
times in the low-to-sub millisecond range at, say, 10000k
and 1 atmosphere is desirable. Although hydrocarbon fuels
are of particular interest because of their general avail-
ability and handling characteristics they do not meet the
necessary combustion time characteristics.

However, because of the continued interest in hydro-
carbons particularly in the newer, high density candidates
such as Shelldyne-H and Esso's Pentadimer (H-MCPD) emphasis
has been placed on combustion enhancement.techniques. A
number of such methods have been suggested and a number of
these have been explored to varying degrees. Hot gas
piloting, photo irradiation, heterogeneous catalysts, and
homogeneous catalysts are typical of the techniques that have
been considered for combustion enhancement particularly 4nder
conditions where ignition would not otherwise occur. Thermal
and highly reactive free radical mechanisms are responsible
for the catalytic effect and the techniques cited above in-
volve either one or both of these mechanisms.

An attractive feature of the homogeneous catalyst is
the fact that it is carried along as part of the fuel and as
such provides the potential of eliminating special hardware
that is inherent with the other techniques.

4 1



Accordingly, the theoretical and experimental study
presented here is based primarily upon the use of homogeneous
catalysts as a means of enhancing the combustion characteris-
tics of hydrocarbon fuels. This work was performed in con-
junction with work carried on at the Esso Research and Engineer-
ing Company under Air Force Contract F33615-69-C-1289, Reference
1.
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THEORETICAL ASPECTS

1. INTRODUCTORY RMARKS

The definition of the combustion characteristics of
practical hydrocarbon flames involves a complex interaction
of fluid dynamical and chemical kinetics mechanisms. The
fluid mechanics includes the convection and diffusive trans-
port of mass, energy, and momentum while the kinetics of the
oxidation process involves the generation and depletion of a
variety of hydrocarbon fragments, partially oxidized species,
and free radicals.

Since the kinetics appear to be the limiting mechanism
in the heat release process in high-speed hydrocarbon fueled
systems the emphasis here will be on the modeling of the kin-
etic mechanisms. The mixing processes will be considered,
however, as this is required to treat flame propagation in
piloted premixed configurations and flame spreading in dif-
fusion flames. In addition to the analysis of these more
practical flame configurations the fluid mechanical aspects
associated with the various basic kinetics experiments need
also be considered to aid in data interpretation.

2. KINETICS

Most often, the combustion of hydrogen-air and hydrogen-
oxygen systems have been examined (Refs. 2-6 ), although
methane-air oxidation has also been studied (Ref. 7). In the
case of the nozzle recombination problem, expansion of the

A' equilibrium products of the following systems have been
examir- d: hydrogen-air (and oxygen) (Refs. 5-7 ), hydrogen-
fluorine (Refs. 8-9 ), hydrogen-fluorine-oxygen (Ref. j)
and hydrocarbon-oxygen (i.e., "20H 20,CO,CO2 ,H and OH)
(Ref. 4 ).

Although the systems cited above constitute the simplest
to analyze from theoretical and numerical viewpoints, since
substantial data concerning the relatively few elementary
reactions involved are available, current interest in the
use of hydrocarbon fuels requires an examination of the non-
equilibrium behavior of theee fuels as well. As a result of

! ,,... . 3
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previous studies at GASL (Ref. 10), it was hypothesized that
the chemical kinetics describing the combustion 

of gaseous,

paraffin hydrocarbons up through propane might reasonably
be applied to the analysis of the combustion of straight-
chain paraffin hydrocarbons of higher molecular weight (at
least through the kerosene range), provided that the vapor-
ization kinetics are separately coupled into the problem.
The implication here is that in considering the kinetics of the
oxidation of a given mass of gaseous hydrocarbon fuel of high
molecular weight, the chemical analysis can be approximated
with sufficient accuracy (e.g., for obtaining ignition delay
and chemical reaction times) by assuming instead the combus-
tion under the same conditions of the same mass of propane.
This hypothesis is predicated on the argument that in a real
system at high temperature, involving a high-molecular-weight
hydrocarbon, some of the fuel will undergo rapid thermal
cracking to yield significant quantities of C to C hydro-
carbon radicals. Furthermore, it was demonstrated iRef. 10)
that the higher radicals produced in the initial cracking
reactions will themselves quickly degrade to additional C1
to C hydrocarbon species. In order to demonstrate that
thes initial cracking reactions must occur quickly, lending
credence to the above hypothesis, Ref. 10 may be cited, in
which experimental ignition delay times for paraffin hydro-
carbons from ethane (C H ) through kerosene are shown to be
of the same order of magnitude under the same initial con-
ditions.

Propane itself is of considerable interest as a fuel in
advanced air-breathing engines. This stems from the fact
that propane has been shown to be an effective endothermic
heat sink fuel (Ref. 11). That is, in engines where regen-
erative cooling of the combustion chamber walls is required,
propane, either thermally cracked or catalytically dehydro-
genated. acts as a highly efficient heat sink.

A considerable amount of experimental work with laminar,
premixed, high temperature Bunsen-type flames of propane-air
mixtures has been carried out (Refs.13-20 ) under flame zone
conditions which correspond closely with those of interest
here. As a result, it may be anticipated that the species
observed in significant quantities in these experiments
(Ref. 18) will indicate the kinetic mechanism by which the
oxidation proceeds. The 31 species which are considered to be
involved are listed in Table X.
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TABLE I Species Considered in the Detailed
Mechanism for the Oxidation of Propane
(Reference 7)

Species Species
No. Species No. Species

1 H 17 C2H5
2 18 CH

2 4
3 0 19 C2 H2

2 20 C2H
5 OH 2
6 H20 21 C2H50

2~2 5
7 Co 22 C2H5OH
8 Co2 23 CH3CO

9 CHO 24 CH CHO
10 HCHO 3
11 CH3  25 C H

3~3 3
12 CH4  26 C2H

13 CH 27 C3H 6
14 CH30 28 C HtCHO

2 5
15 CH30H 29 CC0

16 C2H6 30 C3H 4
31 N2

S
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When a complete tabulation of possible elementary kinetic
reactions is made involving these 31 species, a list of over
200 reactions results. Many of these may be eliminated as a
result of one or more of the following considerations:

a. The activation energy for the indicated reaction
is excessively high when compared with the alternative paths
which are available for continuing the chain. When available,
activation energies were obtained from the literature. When
unavailable the empirical correlation of Semenov (Ref. 20)

was used;

E = 11.5 - 0.25 HR (exothermic reactions) (la)

E = 11.5 - 0.75 A H (endothermic reactions) (ib)R
which is approximately valid for reactions involving radicals

such as H, CH , and OH with a wide variety of molecules (e.g.,
derivatives ol methane, aldehydes, ethylene, propylene).

b. The elementary reaction involved the collision of
two relatively rare chemical species. As a result, it was
considered unlikely that the reaction was important in con-
tinuing the chain.

c. The reaction required an unlikely orientation of
the molecules on collision in order to proceed to completion,
that is, the steric (probability) factor would also be quite
low.

When the above considerations are made, and alkyl
radical recombination reactions are neglected, the likely
kinetic mechanism in which the 31 chemical species partici-
pate involves 69 elementary reactions (Ref.7 ). Here again,
when available, suitable reaction rate constant data were
taken from the literature. When such data were not available,
the ideal gas kinetic theory was used to obtain the frequency
factor (Ref. 7), steric factors were estimated by the method
discussed in Ref. 30, and activation energies were obtained
from Eq. (1). The rate constant is then expressed in the
usual form.

k = A exp (-E/RT) (2)

6
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in which A is the product of frequency factor and steric
factor. The ratio of the forward and reverse rate constants
was assumed to be equal to the equilibrium constant when the
latter data were available.

The above analysis has been programmed for high-speed
digital computations using solution techniques developed at
GASL (Ref. 21). Such a tool is invaluable in making rapid
calculations for comparison with basic kinetic data and is
necessary when such kinetic systems are coupled to multi-
dimensional flows involving diffusive transport processes.

One of, the principal uses of the detailed chemical
kinetic analyses has been their use in arriving at overall

- reaction rate expressions for the combustion of hydrocarbons
(Ref. 22 and 23). In this work, what are called "quasi-
overall" or "quasi-global" reaction rate expressions were
deduced, since it was found more accurate to assume that the
reaction proceeds to partially oxidized species (e.g., CO,
HH ) rather than to CO2 and H20. The oxidation is then com-
pleted via a more detailed kinetic mechanism. For example,
in Reference 21, the assumed "overall" reaction is

CH + 02 n CO + (n + 1)
n 2n+2 2 02 H2  (3)

and is coupled to a sequence of elementary steps as indicated
in Tables II and III where the subglobal stop, reaction 1,
proceeds according to the rate given by:

CF = aC~ c0 _E/RT

dt F 2 (4)

where C and CO are the concentrations of fuel and oxidizer,
respectyvely, E2is the apparent activation energy, A=A(p,T)
and a and P are constants. Thus, a total of 10 species
entering into 10 reactions results from the formulation.

I7



TABLE II

C-11-O CHE141CAL KINETIC REACTION MECHANISM

=~ AT exp (-E/RT)
Forward

REACTION A b E/R

1. CH + 0 -4H+nCO 1"09 C CEQ/
nrn 2 22.825 nHCO 2  1

p

11 3
2. CO+OH H+C02  5.6 x 101 0 .543 x10

13 3
3. 0OH+1 Ii H 2.19 x i1 0 2.59 x 10H2 2

12 3
4.011+01100+ H 0 5.75 x101  0 .393 x10

2
5. 0+11 H+011 1.74 x 10 0 4.75 x 1

6. H1+02 0+01 2.24 x i1  0 8.45 x 1

2

7. M+H+H H+M 15x101  0 0

10. M+H+0H 5 x 1 0 0

Reverse reaction rate, k ,is obtained from kc and the equilibrium
r f

constant,K
KC



TABLE III

N-0 CEMICAL KINETIC REACTION MECHANISM

b
k AT exp (-E/RT)

f

Forward
REACTION A b E/R

11. O+N 2 N+NO 1.36 x 101 0 3.775 x 10~

14 4
12. N 2+0 2  N-INO2  2.7 x 10 -1.0 6.06 x 10

244
13. N +0 =NO+NO 9.1 x 10 .2.5 6.43 x 1

2 2

14. NO+NO N+N02  1.0 x 10 10 0 4.93 x 0

94
15. NO+0 2+ 1.55 x 10 1.0 1.945 x 104

17. M+ O = +NOM1

17 4

18. M+N02  O+4*1 1.1x 10 14 0 5.256x104
221.

29.OO O+ lx 1O1 0 2.27 x10 4

r f

equilibrium constant, K%



Now, as previously cited, the similar behavior of the
hydrocarbons suggests that the quasi-global representation
can be effectively used to represent the overall combustion
history of a variety of hydrocarbons. The differences that
do exist between the fuels being accounted for through the
available constants in the sub-global rate equation, Eq. 4.
as determined empirically.

This technique also has potential for the simulation of
the effects of additives upon the ignition and combustion
times of a given fuel system. In terms of the effects of
additives upon ignition delay there are other means of ac-
counting for their presence in the fuel. The actual mech-
anisms that are responsible for the behavior of additives
is promoting ignition are not fully understood although a
combination of thermal and reactive radical mechanisms are
known to play roles in the process. The thermal mechanism
arises in cases where the additive is highly reactive with
the oxidizer and if present in sufficient quantities will
act as an in situ thermal ignition source for the main fuel
component. Such a process provides for a "staged" mode of
ignition. The reactive radical mechanism is associated withthe decomposition of the particular additives with the attend-
ent "early" release of species which readily initiate the
chain carrying and branching reactions crucial to the induction
phase of the overall reaction process. Thus, in summary the
simulation of the effect of additives is offered by: 1. Defin-ing a set of constants including an effective activation energy
for the subglobal step for each fuel system (neat fuel plus
additive), and 2. Defining an initial "added" amount of a free
radical which is available for this purpose in the quasi-global
scheme.

The application of some.i of these notions to the experiment-
al data is discussed later.

3. FLUID MECHANICS

To complete the backgound necessary to evaluate the
experimental data a fluid mechanical framework is required.
Now, the bulk of the experimental techniques employed is the
program involved continuous flow devices where the fuel was
injected coaxially into the flowing air stream. For the
treatment of such reacting flows a parabolic mixing analysis
is appropriate and for ducted flows the describing equations
are given by:

, /10



Continuity:

~(Pur)_ 7 (pvr)_()
+ -0

Momentum:

Pu Au+ PV~r~ 2- - 1U

Energy:
; 'AT iu1 2

cpu + PpU = u ,+p +
p Ax p7 dx

+ (-Ar- +
r 'A Pr A

Sc 'r pia

L (7)

Species Diffusion;

bo,. bov

xr r Ar (Sc r + ()

In Eqs. (5) through (9)., the transport coefficients
iPr. and Sc, can be taken either as the laminar (mole-

cular) values or as the "effective" turbulent counterparts
depending upon the specific problem under analysis. For

the present purpose, of course, the latter is appropriate
and a variety of semicipirical "viscosity"~ mode~s can and
have been implemented at GASL. The specific models
utilized to perform the various calculations conducted
during this program aro described in the next section.

To supplement these conservation equations relations
among the thermodynamic variable are required. viz.:

State.-
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a Iso
2

H =h+ U- (o
-~ (10)

where

hi = ihi1

~with

wth. = h. (T)
S(12)

Chemical Production Rate, *,: Consider a chemical system
containing N species entering into R elementary reactions:

N kNM . M

'%p .: (13).

Then the production rate of the i t specie is given by:.

R N * V .
i ip " iplk op C

W -U"

cp N .

](

;: ::12



where

m V,
P ip

N
n - ,(v" -v!
P ip Ip

rl denotes the running product

k forward specific reaction rate constant for
reactioR p

k
k - equilibrium constant

c, bp
k

b P k f backward specific reaction rate constant
kbp~bp

W- molecular weight of i
' . 1

Initial and Boundary Conditions 'Me following conditions
represent initial and boundary conditions required to set the
problem for steady axisynmmetric ducted flow configurations:

Initial Conditions

Z . ®x=o

T = Tf (r)

O~r~r u = uf(r)
w

i 0

V =V

A =



Boundary Conditions

2B U PIcf/2

r=rw T Tw, or "6 q Pr (15)

'A& 0

U = T '
S~ - = --- = 0 (symmetry)

r =0 r Ar r
v O (16):V= 0

Note that in the first of the conditions (15) the "no
slip" condition u = o is not applied directly but is replaced
by imposing a shearing force on the fluid by specification of
an appropriate average value of skin friction coefficient.
Note also that the adiabatic wall case follows fzom the remain-
ing conditions for q(x) m o since in that case, BH/br bai/br 0imply Wa/r = o.

The preceding models for the kinetics and the coupled
kinetics/mixing processes have been applied to the analysis
of the data reported upon in Reference 1. These results are
described in the next section.

14



III

COMPARISON OF THEORY WITH EXPERIMENTS

This section describes the application of the preceeding
theoretical methodology to the prediction and interpretation
of the basic low speed ignition data obtained during related
studies performed at Esso Research and Engineering Company,
Reference 1. Specifically, the comparison covers neat fuels,
simulation of additives, and two dimensional effects.

1. NEAT FUEL EVALUATION

In the early par: of the program both a well stirred
reactor and a continuous flow facility were employed for the
determination of ignition delay times, Reference 1. A variety
of fuel types have been tested including long chain paraffins
(alkanes) and olefins (alkeneq), and cyclic structured fuels.
Now, a basic part of the model development involved the deter-
mination of the activation energies (and pre-exponential
factors) required in the subglobal reaction rate to characterize
the various neat fuels. An example typifying the results of
this study is shown in Figure 1. The predictions were based
upon the coupled fluid mechanical/kinetics model as discussed
in the preceeding section, with the assumption of uniform
invisciladiabatic flow at constant pressure. This assumption
is shown later to be valid for Esso's continuous flow facility.
Now, Figure 1 shows data for octane and propane along with
predictions for various assumed activation energies (1.. )
Here, the pre-exponential factor, a (see Tble II), is uni y.
As expected these long chain type hydrocarbons do indeed be-
have in a similar way and as a class of fuels their ignition
delay characteristics can be well represented by a single
sub-global activation energy.

A further evaluation of additional data on a variety of
fuel types has varified the geuerality of this conclusion for
both long chain and cyclic type hydrocarbons. A composite rep-
resentation of these results is shown in Figure 2, from which
a set of reco mended values for the pre-exponential factors,
a, and the activation energy, E0 . were determined as
follows:

,- -i.
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2. SIMULATION OF ADDITIVES

The previous results have served to demonstrate the
ability of a relatively simple kinetics scheme to represent
the ignition characteristics of neat hydrocarbon fuels. The
addition of additives to these neat fuels, however, introduces
complex thermal and kinetic mechanisms which, as cited earlier,
are not fully understood. Never-the-less, the success of rep-
resenting the neat fuel behavior suggested that a relatively
simple effective means of simulation could be devised to rep-
resent any given fuel system (neat fuel plus additive). For
this purpose the added free radical approach cited above in
Section II was employed. Specifically, the highly reactive
OH radical was used in varying percentages of the fuel in an
attempt to simulate the effect of the actual additive in
reducing the ignition delay time. Initially, theoretical
calculations were performed to establish the trends in the
relative reduction in ignition delay time as a function of
the operating conditions. The results of this study are
shown in Figures 3, 4 and 5. Figure 3 shows the effect of
initial temperature upon the reduction in ignition delay
time. The effect is most pronounced at the lower concentra-
tions and the percent reduction in ignition delay time increases
as the temnperatureis reduced. These trends are identical with
those observed with the actual additives, Reference 1. Figure 4
shows the effect of pressure at two temperatures which illustrates
that, at least for pressure levels at or above one atmosphere,
the pressure has a relatively small effect compared with tempera-
ture. Note however as pointed out in Reference 1 that at lower
pressures the effect of both parameters can be equally important.
Although, the experimental data was limited to essentially the 1
atmosphere level the predicted results appear reasonable in terms
of enhancement of the rate of recombination of free radicals with
presure. Finally to assess the diffmrence in performance as a
consequen-e of the selection of the free radical simulator a
comparison was made using atomic oxygen in place of the hydroxyl
radical. These results are shown in Figure 5 for a n-octane/
air system. The difference in performance is quite small oven
at the larger concentraticn levels. This comparison implies that
the choice of effective additive is not a crucial consideration
in establishing the utility of the basic simulation technique.

ISI
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Now, Figures 6, 7 and 8 show some direct comparisons of
theory with experimental data involving various additives. In
general the experimental data covers a relatively small span
in temperature making it somewhat difficult to accurately com-
pare the predicted behavior with the observations. Never-the-
less, upon comparing the data with the predictions for the var-
ious fuels including Shelldyne-H it appears that a value of
the effective additive/fuel ratio can be found that reasonably
well simulates the behavior for each actual fuel-additive
combination. A further refinrment is also indicated by these
comparisons. Specifically, it appears that the agreement can
be made as close as desired by re-evaluating the pre-exponen-
tial constant, a, and the sub-global activation eneigy. This
control permits both translation and rotation of the predicted
ignition delay curve such that the straight line, T vs. 1/T,
data can be predicted more precisely for any given luel/additive
system. Thus, it appears that the complex reaction mechanisms
involved in both the neat hydrocarbon and hydrocarbon/additive
systems can be simulated given a minimum of TID data for each
fuel system.

3. TWO DIMENSIONAL EFFECTS

The various comparisons described above were based upon
a simplified version of the coupled mixing and kinetics analy-
sis presented in Section II. In particular, the reactants
were assumed fully mixed at the entrance section of the Esso
Dynamic Flow Facility. Furthermore, wall effects were neglect-
ed and the reacting flow was assumed to be one dimensional and
adiabatic at constant pressure.

The question that arises pertains to the generality of
the assumption of uniform flow in the prediction of ignition
delay times. The non-uniform velocity profiles across the
duct results in increased residence times near the wall corn-
pare with the bulk of the flow. To assess potential effects

22
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of this residence variation with the attendant result'o~f early

ignition occuring at the wall a study was made using thp fullt
mixing and combustion analysis described in Section II. In
carrying out this analysis turbulent mixing and the adiabatic
wall condition were assum6d to prevail. The eddy viscosity in
the near (potential core) region was taken to be

.M = .0004 pe x(US - ue

while in the fully developed region the eddy viscosity repre-
sentation was

A .018 r (pu)E

where ( )e denotes the local values in the outer stream, ( )q
denoted centerline values and the quantity r represents the
radial distance corresponding to the point where the mass flux
pu takes on its average value. Typical results are shown in

Figures 9 through 11 for an n-octane case at the operating
conditions shown on the figures. Figure 9 shows the velocity
profiles which are characteristic of fully developed turbulent
pipe flow. Figures 10 and 11 are of particular interest
showing the development of the species field during the
induction period. It is noted that for x/D's ! 24 there.
is a build up of OH near the wall, Figure 10. However, the
transport cf the free radicals due to turbulent mixing is
sufficient to accelerate the reaction process in the interior
part of the flow. Thus, the combination of pure mixing and
the associated increase in the reaction rate rapidly uniform-
izes the species profiles. Thiis is also noted in Figure II
in connection with the growth and develcpment of the major
species, CO2 and 110. Finally, Figure 12 shows the develop-
ment of the axial emperature distributions along the wall
and centerline compared with the. inviscid, one-dimensional
theory. Although there is some difference it is not suf-
ficiont to be detected experimentally.

Those results explain the consistency and generally
e xcellent agreement that was obtained for the ignition delay
comparisons presented earlier in this section. Namely, the
behavior is predicted strictly on kinetic grounds rather than
upon coupled fluid iAechanical/chiciiical kinetics effects.

'.

In simnary the analysis has been shown to pre-dict the
neat fuel ignition delay characteristics. in addition, the
results on additives indicate that fuel systems (neat fuel
plus additive) can also be represented utilizing the relativaly
simple quasi-global mechanism. Finally, an evaluation of two-
dimensional effects has shoWn that tho Esso Dynamic P.low
Facility does provide an effective'premixed, one dimensional
adiabatic flow.
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IV

EXPERIMENTAL ASPECTS

1. INTRODUCTORY REMARKS

in this section the supersonic combustion tests con-
ducted by General Applied Science Laboratories is described.
The primary objective of this phase (Phase III) of the
program was to establish the relative performance of the
candidate fuels under conditions approximating those occurr-
ing in a supersonic ramjet burner.

The candidate fuels, selected on the basis of the rank-
ing and evaluation carried out in Phases I and II of this
program, were Shelldyne-H and H-MCPD, with n-Propyl nitrate
chosen as the candidate additive. To provide a basis for
comparison, propane and hexane were also tested under

.. identical conditions.

The original test configuration involved coaxial
injection of vaporized fuel into an axisymetric Hadh 1.5
air stream with subsequent piloted ignition, mixing and
combustion under free-jet type conditions (see Figure 13 (a) and

14 ). Only part of the test program utilized this test
configuration. The program was completed using a test
configuration which involved lateral injection of liquid
fuel into a two-dimensional Mach 2 air stream with piloted
ignition, mixing and combustion in a constant area duct.
(See Figure 13(b)).

The change in test configuration was motivated by
difficulties ncountered in vaporizing the high density
hydrocarbon fuels. In particular, it was found that
pyrolysis and/or oxidation reactions caused considerable
deposition of carbonaceous materials on the walls of the
flow through fuel vaporizer (c.f. Figure 14). These de-
posits were sufficient to clog the system and render it
inoperable despite the use of a high pressure water scrub..
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With Air Force approval the test program was completed
with direct liquid injection. In this case a coaxial mode of
injection cannot provide the flame holding characteristics needed
to achieve combustion in short axial distances. Break-up of the
fuel jet into a cloud of discrete droplets is required to provide
the proper oxidizing environment for the bulk of the raw fuel.
This is best accomplished by lateral injection of the liquid fuel
into the supersonic main stream since the high shear and dynamic
loads associated with the resulting interactions provide a very
efficient mechanism for jet breakup. These interactions also
give rise to localized high temperature regions which further
enhance the evaporation and ignition of the fuel droplets.
Accordingly a lateral injection configuration was adopted for
the liquid fuel case utilizing an existing test rig. In the
ensuing dicussion these two distinct test configurations will
be referred to as "Axial" and "2-D" for the sake of brevity.

Another important difference between the two types of
'tests is the manner in which the combustion characteristics
of the fuels were derived and compared with each other. For
the axial tests total temperature surveys were obtained at
various axial stations downstream of the duct exit. These
results were utilized as a basis of comparison. For the
2-D tests the effect of combustion on the duct pressure dis-
tribution was used as the diagnostic.

In the next section the range of environmental conditions
for these tests is presented. Then the details of the exper-
imental equipment, instrumentation and test procedure are
described. Finally, the results obtained are presented and
discussed with particular emphasis on the relative perfor-
mance and ranking of the various neat and neat/additive fuel
systems both with respect to each other as well as with the
base fuels. within each of these individual sections, the
axial results are presented first followed by the correspond-
ing ones for the 2-D case.,
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2. ENVIRONMENTAL CONDITIONS

In addition to the geometric configurations which will
be described in the next section, the environmental conditions
for both the axial and 2-D tests are completely characterized
by specification of the following parameters:

o The air stream total temperature (T t),
Mach number (M) and static
pressure (pi, where ( ) denotes conditions
occurring at the respective nozzle exits.

o Main fuel type (including percent additive),
mass flow rate (xf), total temperature (Tt)
and exit Mach numor (M ) or exit tf

.F.velocity (Vf).

O Pilot gas equivalence ratio (o_), mass flow
rate (i ), and exit Mach numbeP (M). Note
that since the pilot reactants forPall tests
are oxygen-ethylene p is related to the O/Y
ratio by (p = 3.429/(B/F).

Derivable from these data are certain other parameters of
interest including total air mass flow (ih ), global equiv-
alence ratio (oT), pilot adiabatic flame Temperature (T t
and pilot to fuel mass flow ratio (P=i/d ). .ip

The overall range of these parameters for both the
axial and 2-D tests are given Lp Table IV . The specific
conditions for the individual ,ts as well as the manner
in which these were determined experimentally are dis-
cussed in subsequent sections.

3. EAXPERIMEFNTAL APPAR~ATUS

a. Axial Rig

As may be seen in Figures 13 (a) ano 14
the major components of this set-up include

o high temperature air source
o Wind tunnel nozzle
o Pilot gas generator

3$
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TABLE IV

OVERALL RANGE OF ENVIRONMENTAL CONDITIONS

RANGEPARAMETER AXIAL 2-D

M_ 1.5 2.0

Tt 0R) 530-2730 490-2530

p.(atni) .96-1.07 .69-.99

Fuel Type . neat Propane . neat Hexane
. neat Hexane . neat Shelldyne-H
. neat Shelldyne-H . neat iH-MCpD
. Shelldyne-H + 15% . Shelldyne-H + 15N
n-propyl nitrate n-propyl nitrate

. H-MCPD + 15%
n-propyl nitrate

f(pps) .032-.048 .071-.180

STtf (OR) 910-1230 530

M f 1.0

Vf(fs) 30-70

p .7-.32 .166-.189

S(ppa) .0043-.013W .00s1-.0164

P . 1.0

T (pps) 2.61-6.17 10.5-23.4

OT .065-.232 .045-, 176
Tt (° ) 38304890 300-4040

.119-.41S .041-.232

ii Notes

o1 br the 2-D tests p P 1.0 corresponds to conditions Zt the pilot orifice
WIhere d* .086 inches.

F. For the 2-D tests the values of p ,appoaring here and in Tables Vt and v I
correspond to readings obtained at PwOssugo tap NO. 4 who** location is
given in Table V

3. T% values of Vf have been estimated fro the taesurod mass flow rates
by using a discharge coafficit for the fuel arif ices of CD 0.60... D 0.



0 Fuel supply and vaporizer system

Each of these components is described in detail below.

(1) High Temperature Air Source

The high temperature air was supplied
by vitiation heating of dry air in a hydrogen combustion
heater. Sufficient make-up oxygen is added to produce a
working fluid with a composition of 23% oxygen by mass
plus nitrogen and water vapor in varying proportions
depending on the desired total temperature as shown in
Figure 15 The effect of this vitiation on the nozzle
exit conditions is discussed below. This facility can
provide mass flows up to 20 pps with maximum total temp-
erature and pressure levels on the order of 3300OR and
500 psia, respectively. The dry air is obtained from a
1000 ft3 - 2000 psi air storage facility. High pressure
hydrogen and oxygen is obtained by manifolding a number
of standard high pressure cylinders.

(2) Wind Tunnel Nozzle

The wind tunnel nozzle which expands
the working fluid to supersonic velocity is formed by a
contoured center body aligned concentrically within a
nominally 3 inch diameter constant area duct. This center
body is supported by a structure located upstream of the
tunnel throat within w.ich the pilot gas generator is also
housed. As may be seen in Figurol4 , passages are provided
within the center body to supply fuel and pilot gas to the
injector exit located at the extreme downstream end. The
injector-Oilot configuration itself will be described later
in Section IV-4. The minimum area of the wind tunnel nozzle
corresponds to an annulus of 3 inches O.D. by 1.35 inches
I.D. The corresponding values at the exit (located 4.5
inches downstream- of the throat) are 3 inches O.D. by .604
inches T.D. This yields an overall geometric expansion
ratio of 1.2 which, for a specific heat ratio, y, of 1.4
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would correspond to a Mach number of approximately 1.531.
With vitiation, of course, yjwaries according to the degree
of vitiation. This would, in turn, lead to some variation
in the exit Mach number, static-to-stagnation pressure ratio
etc. as shown in Figure 16 which is based on an extensive
study performed at GASL to investigate these effects (24)
As may be noted therein the effect is relatively minor and
will not be considered in the further discussion.

(3) Pilot Gas Generator

The pilot gas generator which is housed
in the center body support consists of a small mixing chamber
(1.25 inches diameter by 2.5 inches long) into which the re-
actants (oxygen-ethylene) are introduced through stainless
steel tubing in the desired proportions. The combustible
mixture then expands into the 0.25 inch diameter tube and
is ignited by an aircraft-type spark pluc. Once ignition
has been initiated the spark plug can be deactivated and
combustion sustained so long as the reactant flows are main-tained. The performance of the gas generator in terms of
flow rates, mixing chamber pressureequivelence ratio and
adiabatic flame temperature is shown in Figures 17 and l6 for the
range of conditions of interest here.

(4) Fuel Supply and Vaporizer System

Fuel was supplied to the injector by means
of the system shown schematically in rigure 14. The fuelwas stored in a high pressure supply bottle with a volumetric
capacity of approximately 0.28 ft. 3 . A regulated high pros-'
sure nitrogen source was used to drive the fuel from thisbottle and through the vaporizer coils which were immersed in
a liquid salt bath maintained at the desired temperature. Theheat exchange medium utilized in this vaporizer vas a commer-cially available mixture of inorganic salts specifically des
ed for this application. It is referred to as HITEC heat tran--sfer szIt and is manufactured by DuPont of WilmnWilington, De eware
Heating of the salt bath is by means of six 1000 utt electrical

i.. in these considerations displacement thickness effects
have been neglected since for the condition under which
these tests were conducted the displacement thickness atthe exit is estimated to be on the order of .015 inches..
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C,

resistance heating elements. The vessel in which the salt is
contained is a flanged, 48 inch vertical section of 3"xx-316
stainless steel pipe which is vented to atmosphere. The 3
volumetric capacity of this vessel is approximately 0.12 ft.
A total of 30 ft. of 0.25 inch I.D. by .035 inch wall stainless
steel tubing make-up the heat exchange coils.

b. 2-D Rig

As shown in Figure 13 (b) the major components of
this facility include

o High temperature air source

o Wind tunnel nozzle

O Test duct

o Pilot gas generator

O Injector strut

The features and characteristics of these components are as
follows:

(1) High Temperature Air Source

The supply of high temperature air for
the 2-D test series was also obtained by vitiation heating
but utilized a different GASL facility, Combustor No. 1,
a schematic of which is shown in Figure 19. This facility
is capable of somewhat higher performance insofar as total
temperature (up to 36000 R) and total pressure (up to 600 psi)
are concerned. In all other respects the operating proce-
dures are essentially identical to those previously described
including the data shown in Figure 15
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(2) Wind Tunnel Nozzle

For the 2-D tests expansion of the working
fluid was accomplished by means of a two-dimensional set of
contoured nozzle blocks providing a nominal exit Mach number
of two. The pertinent dimensions of this nozzle are

Throat: 2.1 inches by 4.05 inches
Exit: 4.05 inches by 4.05 inches
Length: 20 inches from throat to exit.

The geometric expansion ratio is therefore 1.92 correspond-
ing to a Mach number of 2.15 for 7=1.4. The effect of
vitiation on the nozzle characteristics for this case are
given in Figure 20. The wind tunnel nozzle was provided
with a series of flush static pressure taps located in
accordance with the schedule given in Table V

(3) Test Duct

The test duct consisted of an 18 inch long
nominally constant area extension of the wind tunnel nozzle.
This extension was designed to accomodate the injector-strut-
gas generator assembly on one of the side walls. On the
opposite wall, viewing ports were provideq consisting of two
air-cooled 3 inch by 4 inch pyrex windows . A typical photo-
graph of the test duct showing the windows and the relative
position of the injector strut within is shown in Figure 38
The test duct was also provided with a series of flush .040
inch diameter static pressure taps. Their location as well
as the location of the injector strut is indicated in Table V.

(4) Pilot Gas Generator

As indicated in Figure 13 (b), the gas
generator used in the 2-D experiments is mounted external to

2. The window frames reduce the clear viewing area to
2.5 inches by 3.5 inches.
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TABLE V Schedule of coordinates and pressure tap
locations for the 2-D wind tunnel facility.

Distance From Nozzle
Identification bhroat In Inches Orientation

Pressure Tag R.ber

110 
10.1

111 11.1 5
112 12.1 5
113 13.1

1 14.25 B
2 15.25 B
3 16.25 8
4 17.25 3
5 18.37 5

10 22.73 P
11 22.75 D
12 22.13 E
13 23.63 1
14 24.63 1
15 25.63

16 26.63 E
17 27.63 5
18 28.63 5
19 29.63 5
2o 30.63 E

21 31.63 3
22 32.63 8
23 33.63 1
24 34,63 1
25 35.75

26 22.13 A
27 23.13 C
28 24,13 A
29 25.13 C
30 26.5 A

31 27.4 C
32 2.9.13 A
33 29.13 C
34 30.13 A35 31.13 C

36 32.13 A
37 33.13 C
38 34.13 A
39 35.13 C
40 36.13 A

Nozzle Exit 20.0
Strut Leading Edge 26.2
Leading Edge of First Window 26.37
Leading Edge of Second Window 31.13
Teat Duct Eit 38.0

a C

M(P}' TO PRESSURE F 0 View Of Test
TAP ORIENTATION Duct Looking
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the test duct. A schematic of this device showing pertinent
dimensions is shown in Figure 21. In this case the reactants
(oxygen-ethylene) are pre-mixed upstream of a "mushroom" type
flame holder around which they expand into the low speed com-
bustion chamber proper. Ignition of the combustible mixture
is again accomplished by means of an aircraft-type spark plug
which is deactivated once ignition has been achieved. The
hot products of combustion then issue out through a single
0.25 inch diameter orifice and flow into the injector-strut-
pilot gas manifold to which the gas generator is connected by
means of a threaded fitting. The performance of this device
is shown in Figures 17, 6 and 22.

(5) Injector Strut

The injector strut consists of a two-
dimensional 200 total angle wedge followed by a constant thick-

" ness afterbody which spans the test duct. The maximum thick-
ness of the strut is 0.5 inches and the overall chord width

-is 2.5 inches. The strut is installed at zero angle of attack
and is located symmetrically with respect to the horizontal
plane of symmetry of the duct with the leading edge 26.2 inches
downstream of the nozzle throat. The leading edge is blunted
with a nose radius of .062 inches.

The strut is provided with two internal manifolds
which feed the fuel and pilot gas orifices. The pilot orifices
are located in the rearward facing base of the strut, are equal-
ly spaced across the span and consist of 7-100 conical orifices
with exit diameter of 0.25 inches and throat diameter of .086
inches. For the operating conditions utilized in this test
program, this geometry leads to over-expanded operation of
the orifices sufficient to cause a stationary shock system to
occur within the conical portion leading to subsonic,and there-
fore,matched pressure operation at the exit.

The fuel orifices are located in the upper and lower
surfaces of the wedge and consist of a total of 14 equally
spaced .031 inch diameter holes drilled through to the manifold
normal to the wedge surfaces. The fuel orifices are located
at a point approximately 0.80inches downstream of the strut
lead.ng edge.
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The fuel plenum is supplied by means of a 0.25
inch O.D. by 0.130 inch I.). stainlesq steel tube welded to
one end of the s :rut. The fuel supply system in this case
is essentially identi al to that used for the axial tests
except that the vaporizer is removed from the system.

The pilot gas is introduced into the manifold
directly from the pilot gas generator to which it is attached
by means of threaded fittings.

4. MEASUREmENTS AND INSTRUMENTATION

a. Axial Tests

Data retrieval during a typical axial test
included the following items:

O Stagnation and static pressures
assuciated with standard gas venturi
meters monitoring mass flow of tunnel
air, tunnel oxygen, tunnel hydrogen,
pilot ethylene, pilot oxyyj .n.

o Stagnation and static press re asso-
ciated with a cavitating venturi
meter used to monitor the fuel flow
rate. This devic, which is manu-
factured by the Fox Valve Develop-
ment Co., Inc. of Mountain Lakes,
New Jersey, is designed to reduce
pressures within the venturi below
supercritical values causing cavit-
ation and effectively providing a
chocked orifice (ie.: downstream pres-
sure feedback is suppressed). Steady
state flow rates are assured thereby
regardless of any downstream distur-
bances.The actual mass flow rate is
determined from the measured pressures
from calibration curves such as that
shown in Figure 23 . Note that the
abscissa represents the difference be-
tween the measured pressure and tle vapor
pressure of the particular liquid fuel.
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o Stagnation pressure in the wind tunnel
settling chamber (pt,,), the pilot gas
genrator mixing chamber (Ptp) and in
the main fuel line (ptf)3 .

o Static pressure at the nozzle exit.

o Stagnation temperature in the wind
tunnel settling chamber (Ttn) and
in the main fuel line (Ttf)3 .

o. Radial distribution of total temper-
ature and pitot pressure across the
jet at- a fixed downstream station.

O Motion and still color photographs
of the mixing zone.

The flow phenomena were also monitored visually by.
means of a closed circuit TV system.

The pressures wore sensed by Statham prer:'nro crans-
ducers of appropriate range and their analog sa.dnals were
recorded on Minneapolis-Honey-ell Model 1508 Visicorders
via Model 658 Sanborn amplifiers. The temperature sensors
wore either chromel-alumel or Pt-pti0% RH1 themocouples
and recorded in the same innor as the prossures.

The camera equipment utilized included a Crown Graph
-lox camera. with Polaroid back for the stills and a Bolex
H-l fex 16 nun motion picture camera. The films utilized
wore Polaroid Type 48 and Kodak Ektachrome No. 7242 res-
pectively. To obtain the pitot and total temperature
surveys the rake shown in Figure 24 was used, This rake
was mounted on a DC motor driven traverse mechanism part
of which can be seen, for example, in the photograph shown
as rigure 27(4J.Dur',g any given run the rake uas slowly
traversed (-4.5 ips) through the vertical plane of symmetry
of the jet with the analog signals from the pitot ard total
temperature proboe recorded continuously. The position of

3. The point where p and 7 were measured is denoted
as Station A in Figure 41.
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the rake was determined at each instant by simultaneously
recording the output of a slide wire potentiometer mechani-
cally attached to the supporting mechanism. The rake can
be seen in various positions relative to the jet axis in
several of the photographs discussed in Section Iv-.6.

The pitot pressure leg of the rake consisted of a 0.25
inch hemisphere cylinder with a .040 inch orifice located in
the nose. The total temperature leg utilized a 0.25 inch
O.D. sheathed thermocouple wire (trade name CERAHO as manu-
factured by Thermo-Electric Co. of Saddlebrook, New Jersey)
with a Pt-Pt/10% RH calibration. The bare thermocouple
junction itself was formed by welding a 24 gauge platinum
wire across the two 18 gauge leads of the CERAMO thermo-
couple. The junction was oriented so that the thin wire
was aligned with the primary flow direction, This config-
uration provides for improved response, needed because of
the motion of the probe, and combines it with a relatively
high strength arrangement, also required because of the
high temperature envirorment to which the probe is exposed.

b. 2-D Tests

Data retrieval during a typical 2-D test in-
eluded the following items.

O Stagnation and static pressures associ-
ated with standard gas venturi meters
monitoring the mass flow of tunnel air,
oxygen and hydrogen, and pilot ethylene
and oxygen,

o . Stagnation and static pressure associ-.
a ted with the cavitating venturi used

to monitor the fuel flow rate. This
device was located immediately down-
stream of the high pressure fuel supply
bottle. The pressure of the nitrogen
driver gas at the head end of this bottle
vas also monitored.

53



O Stagnation pressure in the wind tunnel
settling chamber and the pilot gas gen-
erator combustion chamber.

o Static pressures in the nozzle and the
test duct.

o Stagnation temperature in the wind
tunnel settling chamber.

o Motion and still color photography of
the mixing zone.

In this case, of course, the fuel stagnation temper-
ature was simply the ambient temperature as recorded within
the high pressure supply bottle. The fuel total pressure
which is reported is the pressure recorded on the high pre-
ssure side of the cavitating venturi.

Recording of these data was identical with that i,_
the axial tests except that tle static pressure data in the
nozzle and test duct were sensed by a single 0-50 psia trans- - .
ducer by means of a scanning type pressure sampling valve
(SCANIVALVE - CO., San Diego, California).

The type of film utilized was also the same as that
used for the axial1 tests and the test.s weralsq,,intorad
visually via the TV set up.
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5. TEST PROCEDURE

a. Axial Tests

The test procedure involved the following
sequence of events:

o Establish steady state tunnel oper-
ation.

o Initiate pilot gas generator
operation.

0 Initiate main fuel flow and
verify steady state combustion
visually.

0 Actuate probe traverse mechanism.

0 Shutdown and purge all systems.

The data acquisition system and the motion picture
camera were actuated prior to all of these events and con-

~- tinued throughout the entire sequence. The still photo-
* graphs were generally obtained shortly after the probe

traversing had been initiated.

'.With the exception of tunnel air the flow of all fluids
,wa established by means of quick acting, remotely actuated
-/solenoid valves. The flow rates were controlled by pre-

settng of regulators in accordance with pro-establighed
ca libration curves.* The a ir
flow was controlled manually by means of a Fisher Air Valve
(Pishet Governor Co., Marshalltown, Iowa). the desired flow
rato-being established by monitoring the high pressure side
of thiiAir venturi. Steady state: tunnel operation wAas also
.verfio;.by mn.itoring T~ on a strip chart recorder.

57



=AW I- -I 0.-

Actuation of the traverse mechanism and the Crown
Graphlex camera shutter was also accomplished by remotely
operating switches.

Shutdown and purging of all systems occurred as soon
as the probe traverse had been completed. This was ac-
complished by a single switch which is wired so as to over-
ride all flow valve solenoids and automatically activates the
nitrogen purge supply valves.

The overall time required to complete this entire
sequence was on the order of 30 seconds with about 10 seconds
required to achieve steady state tunnel operation and an
additional 5 seconds required to complete the probe traversing.

b. 2-D Tests

The test procedure for the 2-D tests was identical
to that for the axial series except that no probe traverse was
involved. Here steady state combustion was allowed to con-
tinue for a sufficient period of time to allow a minimum of
three complete cycles of analog signal output from the scani-
valve to be recorded. In this way any transient behavior
in the pressure field existing within the test duct would be
either eliminated or observed. In this connection it should
be noted that the scanning frequency utilized during these
tests was 20 cycles per minute so that with 3 scans the pre-
surres were monitored for a period of approximately 10 seconds.

6.* AXIAL RESULTS

a. Preliminary Remarks

Mie test run log of axial tests is presented
in Table VI As will be noted this series begins ,Iith Run
No. 36, corresponding to the first test in which ignition.
and combustion of the main fuel was successfully achieved.
Before discussing the results obtained starting with Run 36,
it is appropriate here to review briefly the difficulties
encountered prior to this point.

During this initial plase, the experimental apparatus
differed from that which ultimately proved successful in two
important respects. First of all. the reactants utilized in

{ ..- /::58
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the pilot gas generator were oxygen-hydrogen rather than
oxygen-ethylene and secondly, the injector configuration
differed from that utilized from Run 36 onward as indicated
by the insets appearing in Figure 14

With regard to pilot gas generator performance, steady
operation could not be achieved with the use of oxygen-hydro-
gen despite considerable effort to rectify this situation.
The sequence of events associated with the gas generator
operation is; initiate oxygen flow; activate spark; initiate
hydrogen flow. Typically, the behavior which was observed
at this point was a small rise in temperature within the
burner indicating ignition followed almost immediately by
quenching of the embryonic flame which had been established.
Since this device had been used successfully many times in
the past with these reactants (cf 25,26 ) the possibility
of small leaks somewhere in the fuel lines being responsible
seemed the likeliest explanation for the observed behavior'.
Efforts to detect the presence of such leaks were unsuccess-
ful. We note here that the hydrogen flow rates which are
involved are quite small (,-.0001 pps) so that even a relative-
ly minor leak could have a profound effect on the burner per-
formance. Ultimately, the use of hydrogen as the fuel was
abandoned and ethylene selected as a substitute. No difficulty
with the gas generator operation was encountered thereafter.

.

With this new mode of operation for the gas generator
and the original injector configuration approximately thirty
tests were made using both propane and hexano as the main
fuel and with air total temperatures as high as 3600 R. No
combustion was achieved except when a blunt body was intro-
duced downstream of the injector to act as a flame holder.
A photograph of this situation is shown in Figure 25(a). Note
that there is no evidence of combustion upstream of the blunt
probe despite the fact that the injector itself is glowing
cherry red due to the combined effects of the hot fuel
(Tr 13000R)and the elevated air temperature (T , 3000R).

t f
The corresponding conditions for the pilot gas were t -0.36
(Tt  'SO OR) and Ap .035 pps. p

pp
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At this Point in the program it was determined that
modifications to the injectcr-pilot configuration would be
required to facilitate ignition and combustion in the free
jet. The rationale for the change mas as follows: provide
a higher temperature ignition source&- improve the mixing
between the main fuel and the main stream air. As indicated
in inset a~ of Figure 14 this was accomplished by dividing the
total flow of main fuel into two parts one of which (approx-
imately 25%) was allowed to come into contact with the ig-
nition sourtce in a manner essentially identical to the orig-
inal configuration. The remaining 75% of the main fuel was
introduced into the main stream through a series of eight
tubes arranged peripherally around the injector support at a
pqint somewhat downstream of the exit of the pilot jet. (The
fuel tubes'are .-.94 inches long)-..

With this arrangement no difficulty whatsoever was
encountered in initiating combustion. Figure 25 (b) shows the
flame pattern obtained on the f irslt test made using. this
configuration.

A comparisonof Figures 25(a) and 25 (b) indicates in a
striking way the efficacy of this modification particularly
'if one-also notes that. in terms 'of the respective environ--
mentall parameters (i.e.: t.It Tt a .te.. the conditions

of Run No. 36 are definitely inferior insofar as conbustion
enhancemntL potentlal is concerned,, relative to Run No. 28.

The improved. performanco: obta ined with -this Modifi.ca-
tion can be-attributed to the dovelopxment of a bigler. temp-
grature ignition source by virtue of the. 104 1or amount of
main fuel rmicting :with the free uxygen in the ga a gorira tor
effluent plus the enhanced mixing of the rehining fuel with.
'the tunnel air, thereby prov ding improvod fuel-air ra tia
distribution..
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b. Vaporizer Performance

in Figure 26 the performiance of the
vaporizer is characterized in ternn3 of the stagnation con-
ditions occurring at Station A as defined in Figure 14.
The values of pt vs. T for the various fuels are compared

f t
ff4

with their respective vapor pressure curves . As may be
noted, invrulyall cases the data lies on the vapor si.de.
of the curves. Since the fuels are subjected to additional
heating between this point and the injector station, as well
as a reduction in pressure, it would appear that all the fuels
can be considered to be naninally vaporized at the point of in-,'
jaction.

v. Relative Fua2. Performance Based on
Photographic !Lata

in Figures 27 and 2a the relative per for-
Malice of the vari~ous fuel systems are indicated. qalitatively
by comparison of the flameo patterns obtainod photographically.
These figures x-epresent back and whito ateproductions ofth
or iginalI color photogL'aphs.

The compaxison in Figure 27 corresponds to ambient
temperature main air flow and further demonst4-ates the efficacy
of the piloting toebiniquo. Recall that the 6tatic temperature
of the supersonic air at the indector statimi is on the order-
of only 3700R.' with a corresponding velocit'Y of 1400 fpA.

These photcxgraphs'a iso irndicate atocl y the

iavorable effect of. the'.additive iusofar as com)ibUsti or' onhance-
ment is. oocrned. It is apparijL, for example,, that, the f lw~to

4. The vapor pt ",ure curve to which the u ea t Shtildyne-il
anid Shelldyn~ -1 + 25% "noptopyl nitrate results are compared
actually corresponds to data for Shelldyiie as provided by the
01hell Devolopment Company. Data for- Shoildyne-li with or with-
out additive is not available.
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(a) Run No. 49

Fuel :propane

(b) Run No. 56
o Fuel :neat Shelldyne-l

(c) Run No. 59

Fuel:Shelldyne-H
+25% n-propyl nitrate

Figure 27 RELATIVE PERFORMANCE OF SEVERAL FUEL
SYSTEMS AT AMBIENT TEMPERATURE
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(a) Run No. 48,
Fue1 :propane

(b) Run No. 5P
Fuelmneat Shelldyhe-H

Figure 28 RELATIVE PERFORMANICE OF PROPANE
AND NEAT-SHE LLDYNE-H AT ELEVATED)
TEMPERATURE
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obtained in Run No. 59 is more intense than that observed in
Run No. 56. This is even more significant if one recognizes
that the pilot 0 in the latter case is substantially higher
(i.e.: 0.32 vs. 0.22).

Of course this is only a qualitative result, but will
be shown to also be quantitatively correct by virtue of the
total temperature measurements which will be discussed in the
next section.

Continuing with this qualitative comparison we note
that the flame obtained in Run No. 59 with Shelldyne-H + 25%
n-propyl nitrate is fuller but somewhat shorter then that
observed in Run No. 49 corresponding to propane combustion.
In this case it would be difficult to estimate which of these
represents more intense energy release.

A similar comparison for neat Shelldyne-H vs. propane at
elevated temperature is shown in Figure 28 • The relative
performance represented by these flames is roughly equivalent
to that observed between Runs 49 and 59. That is, the perfor-
mance of neat Shelldyne-H relative to propane at elevated temp-
eratures appears to be roughly comparable to that of Shelldyne-
H + 25% n-propyl nitrate relative to propane at ambient temper-
atures. In any case, it is apparent that the relative perfor-
mance of neat Shelldyne-H has improved dramatically with in-
creasing Tt as can be seen by comparing Figures 28 (a) and
28 (b), m on the one hand, to Figures 27 (a) and 27 (b).

Again these qualitative estimates will be verified by the
total temperature measurements which were obtained.

In addition to permitting comparison of relative per-
formance between various fuel systems, these photographs can
also be utilized to demonstrate the effect of variation in
the environmental conditions. In Figure 29, for example, the
effect of varying the pilot flow rate is demonstrated. It is
apparent that at the lower value of 0 rapid quenching of the
flame occurs due to mixing of the hot gases with the cold
ambient air.
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(a) Run No. 59

=.369

(b) Run No. lbl

.119

Figure 29 EFFECT OF PILOT FLOW RATE ON
COMBIUSTION OP SUELLDYNE-H + 25%
N' PROPYL NITRATE AT A14BIENT
TEMPERATURE
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In Figure 30 the effect of fuel total temperature on
combustion performance is shown for propane. Note that this
effect could not be established for the high density fuels
since the vaporizer had to operate at maximum temperature to
assure vaporization of these fuels.

As may be noted the effect for propane is quite pro-
nounced and is also borne out by the corresponding total
temperature measurements.

Finally, the combined effect of pilot equivalence ratio
and fuel total temperature is shown in Figure 31 * In this
case the flame zones are virtually identical despite sub-
stantial differences in p and T . The practical implica-
tions of this result is tp clear; i.e.: trade-offs
between heating of the fuel and pilot gas generator operating
conditions are possible.

d. Relative Fuel Performance Based on Total
Temperature Measurements.

Some typical examples of the total temperature
profiles are shown in Figures 32 thru 34 . For convenience
in characterizing the relative performance of the various fuels
from these data the maximum indicated temperature from each of
the traverses has been listed in Table VI . From these results
the summary ,graphs shown in Figures 35 and 36 were prepared.
With these plots the various effects and conclusions alluded
to in the previous section can now be conveniently examined
in a quantitative way.

Consider for example, the effect of fuel temper-
atures on the performance of propane. The data shown in Figure
35 not only confirms the conclusion reached on the basis of
the photographs shown in Figure 30 but indicate that this
trend prevails over the entire range of air stream total temp-
erature investigated; i.e.: compare the T values obtained
for Runs 42 and 43. In both cases (Run 49 s. Run 48 and
Run 42 vs. Run 43) a drop in fuel temperature of less than 200°R

* results in a reduction in Tt maxof more than 10000 R

5. it should also be noted here that the value of T a
for Run No. 42 was obtained at the 12.50 survey stationawhich
implies even higher performance relative to Run No. 43.

ii"
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(a) Run No. 45
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(b) Run No. 48
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Figure 30 EFFECT OF FUEL TEPETWRE ON
CM~USTION OF PROPANE AT ELEVATED
T3PEATUP-E
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-' (a) Run No. 47

~ .25
p

0
T 930 R

t f

(b) Rjun No. 49

p 0.17

T =1100 Rtf

Vf

Figure 3. 1 COMBINED EFFECT OF PIL*OT EQUIVALENCE
RATTIO AND FUEL TEMPERATURE ON COMBUSTION
OF PROPANE AT AMBIENTTEPRUE
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The data shown in Figure 35 also allows us to decide
which of the configurations shown in Figure 31 represents the
higher heat release case. Since the recorded value of Tt
for Run No. 47 is significantly higher it would appear f
that the more energetic pilot (0 = .25 vs. (p = 1.7) has more
than compensated for the lower fel temperature. A similar
situation prevails between Runs 44, 46 and 48 '*here th(
effect of pilot equivalence ratio can be seen to cause a
monotonic decrease in Tt max independent of fuel temperature
variation.

of more pertinence to the present discussion is the
perform fice of Shelldyne-H and Shelldyne-H/additive relative
to the base fuel. This is depicted in Figure 36 . We note
first of all that, insofar as the neat Shelldyne-H is concern-
ed, the performance appears to have been optimized with regard
to pilot equivalence ratio; i.e.: very little variation in Tt
occurs in the range .17 < _ .32. We note also that f
the qualitative behavior represented by the photographs shown
in Figure 28 is completely verified quantitatively; i.e.: both
the intensity of the luminous flames and the corresponding
temperature measurements obtained in Runs 48 and 58 are virtual-
ly indistinguishable implying that the neat Shelldyne-H and
propane exhibit essentially equal performance at elevated temp-
erature.

Insofar as the ranking discussed in connection with the

photographs shown in Figure 27 again it is apparent the data
of Figure 36 confirm the previous conclusionsr i.e.: at ambient
temperature the performance of the Shelldyne-il/additive system
is roughly equivalent to propane (Run No. 60 vs. Run No. 49)
and is significantly superior to that of the neat Shelldyne-H
(Run No. 60 vs. Run No. 56).

. . Summary

The results of the axial tests presented in this
section and the implications thereof may be summarized as
follows:

0 At ambient temperature levels the
performance of neat Shelldyne-H is
clearly inferior to both propane and
the Sheildyne-H/additive system. On
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the other hand, the performance of
the latter approaches that observed
with propane.

o At higher temperature levels the
performance of neat Shelldyne-H
improves dramatically relative to
that of propane; i.e.: note the
"crossover" implied by the dashed
line drawn through the available
data in Figure 36 • If this trend

awere to also prevail for the Shell-
dyne-H/additive system it is apparent
that at sc'am burner conditions (i.e.
T - 20000R) its performance would
t max

be superior to that of propane.

7. 2-D RESULTS

a. Preliminary Remarks

In addition to air stream total temperature and
fuel type, the primary variable in this series of tests was
the pilot to fuel mass flkw ratio B. This procedure was ad-
opted primarily for the purpose of establishing minimum
piloting requirements (ignition limits) for the various can-
didate fuels.

In principal, such a procedure resuIts in a set
of data from which a curve similar to that shown in Figure
37 can be prepared. Evidentially, it would be of.consider-
able interest to establish this type of curve for each of
the fuels, since comparison of these curves would provide
a convenient means of ranking their ignition and combustion
performance.

Obviously. it is inherent in this procedure that,
in most cases, very low combustion efficiencies will be in-
volved. In terms of the duct pressures which were measured
here, this would be manifested by very slight changes in
the pressure levels compared to those existing prior to
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ombustion Achieved

oNo Combustion

o Estimated Ignition Limit

Auto ignition

Figure 37 IDEALIZED GRAPH SHOWING
DETERMINATION OF IGNITION
LIMITS FOR A TYPICAL FUEL
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injection and ignition of the main fuel. In particular, the
absence of any significant changes can be utilized as a quan-
titative criterion for establishing the desired ignition limits.
This was the procedure utilized in the present investigation
as will be discussed in detail below.

Before proceeding with this discussion one further
point should be made here. In order to provide a sufficiently
wide range for 8, it is found necessary to vary both the fuel
flow rate, nf as well as the pilot flow rate, m . That is,

p
mh cannot be reduced to arbitrarily small values since accurate

p
metering of the reactant flow rates ultimately is impossible,
nor can they be increased beyond a certain point due to supply
pressure limitations. Note, for example, that ethylene is
supplied commercially at a pressure of only 1200 psia. A
similar situation prevails for the fuel flow Af.

Since both of these are varied, slight changes in
the aerodynamic configuration will occur as 0 is varied due to
corresponding charges in the injection velocity V As an
example, consider the data given for Runs 74 and in Table
VII, which represents the log of test runs conducted for the
2-D test series. As may be noted, 0 was roughly doubled be-
tween these runs by increasing A from .0092 to .0163 pps
while simultaneously reducing 6 Pfroma .127 to .112 pps. As
a result, the ratio of Vf betweln the two runs is - 1.13
which implies that the penetration of the respective liquid
fuel jets will be different. Thus, it must be recognized
that Runs 74 and 75 differ, not only in their respective
values of 8, but that the penetration in the latter is on the
order of 30% lower, according to the correlation of Reference
27. Whether or not such a variation can have a significant
effect on the ignition limit for an otherwise identical flow
configuration is not known at this time, nor could it be
established within the scope of the present study whose primary
objective was fuel ranking rather than optimization of injection
configurations. Any future work in this area should include,
in part, an examination of this particular effect.
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b. Photographic Results

In contrast to the axial test series, no correl-
ation between the observed flame patterns and the quantitative
measurements was found. This will become evident in the course
of the ensuing discussion.

In Figures 38 thru 40 some of the photographs of
these flames are presented. Again, it should be noted that
these are not originals but black and white reproductions
thereof.

In Figure 38 the performance of neat Shelldyne,
H-MCPD + 15% n-propyl nitrate and the base fuel (neat hexane)
at essentially identical environmental conditions are compared.
An interesting feature of all these photographs is the appear-
ance of a diamond-shaped luminous pattern downstream of the
test duct. These probably correspond to shock-induced local-
ized combustion due to compression uaves reflected from the
free shear layer of the jet. The existence of such a shock-
expansion wave system is entirely consistent with the under-
expanded state of the test duct when substantial heat release
occurs therein.

On a luminosity basis, one would be tempted to
conclude that the most intense heat release is associated
with Run No. 90 (neat Shelldyne-H), the least with Run No. 77
(H-MCPD/additive) with the hexane performance (Rur So. 80)
intermediate between them. However, this tentative ranking
is found to be inconsistent with the ranking established
quantitatively by means of the test duct pressure measure-
ments.

A similar result is depicted in Figure 39. Here
again, the Shelldyne/additive system (Run 86) would appear to
be significantly more reactive then the base fuel (Run 84)
at nominall identical environmental conditions. Neverthe-
less, the pressure data which will be presented in the next
section indicates that the contrary is true.

The most stricking example of the unreliability of
the photographic results is shown in Figure 40. in this case
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(a) Run No. 77

Fuel: H-MCPD +
15% n-propyl nitrate

.7

(b) Run No. 80

Fuel: Hexane

4 (c) Run No. 90

Oelt Neat Sheildyne

Figure 38 COMPARISON OF FLAM4E PATTEBRNS
OBSERVED WITH VARIOUS FUEL
SYSTEMS AT INTERMEDIATE
TEMPERATURE LEVEL
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(a)RunNo. 84

Fuel: Hexane

(b) Run N~o. 86

Fuel: Shel]ldyne-H

+ 15% n-propyl nitrate

Figure 39 CCt4PARISON OF FLAME PATTERNS
OBSERVED WITH HEKANE AND
SHELLDYNE..H/DDITIVE AT HIGH
TEMPERATURE LEVEL
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(a) Run No. 87

Fuel: Shelldyne-H
+ 15% n-propyl nitrate

(b) Run No. 88

Fuel: H-MCPDI + 15% n-propyl nitrate

Figure 4o C(2IPARISON OF FLAME PATTE1*B OBSERVED
WITH SHELLDYNE-H/ADDITIVE AND H-14CPI)/
ADDITIVE AT HIGH TR4PERATtME LEVEL



the comparison is between the S1lelldyne/additive (Run 87)
and the H-MCPD/additive (Run 88) systems. Despite the
fact that there appears to be a tremendous difference in the
two configurations, examination of the corresponding pressure
data showed that, in both cases, virtually no pressure rise
occurred.

It is interesting to speculate as to the reason for this
anomalous behavior. One possibility is to ascribe the intense
luminosity of the Shelldyne-H results to the presence of high
concentrations of carbon particles (soot) in these flows. The
radiative properties of such particulate matter at relative-
ly low temperatures are well known. Evidently, this result is
ultimately connected with an inherent property of this particular

j fuel, i.e., its high carbon-hydrogen ratio. However, the same
fuel was used for both the vaporized and liquid injection tests.
Thus, the question arises, why was the anomaly observed only in
the liquid injection case and not when the fuel was injected in
a vaporized state. If the luminosity is attributed to the
presence of higher concentrations of soot the question can be
asked in a somewhat different way; i.e., why is the concentration
level of soot higher in the liquid injection case?

Several mechanisms can be postulated which could give rise
to such a result. First of all since the liquid droplets are
initially exposed to the relatively low temperature environment
of the main stream air prior to their contacting the ignition
source, substantial pyrolisis of the fuel may occur prior to the
initiation of oxidation. Further, since this oxidation occurs in
a region surrounding the individual particles, much of the oxida-
tion will occur at a very fuel rich condition further enhancing the
possibility of Jioot formation. Finally, vaporization of the fuel
prior to initiation of combustion tends to suppress soot formation
by virtue of the cackinq which occurs prior to actual injection of
the fuel. The carbon deposition sufficient to cause clogging of
the vaporizer system which has been referred to earlier is clear
evidence of this effect and indicates that the fuel issuing from
the injector is not Shelldyne-1! proper but a mixture of low
molecular weight hydrocarbons.

it should be noted that the differences in background appearance
between Run 88 and all of the others was caused by the fact that
the test cell gate uas inadvertently left open dbring the former
run,
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With regard to the above remarks it is interesting
to note that in all axial tests the flame zones for all fuels
exhibited the characteristic blue-bluish white color of a
hydrocarbon flame whereas in virtually all Shelldyne-H 2-D
runs no such hue was observed. In general, these flames were
of a yellowish white coloration without any bluish trace.

c. Relative Performance Based On Duct
Pressure Measurements

Typical examples of the duct pressure distributions
obtained with and without injection and combustion of the main
fuel are shown in Figures 41 to 47 . In each case the static
pressures have been normalized with respect to the tunnel
stagnation pressure p and plotted with respect to axial dis-
tance measured from te nozzle throat.

The solid line in these figures represents the
"tare" pressure observed without combustion. The large
pressure rise occurring just downstream of the nozzle exit
reflects, of course, the presence of the strut injector. The
subsequent wave pattern is also apparent in the tare distrib-
ution.

The dashed line ir these figures represents the
steady state pressure distribution which developed once the
combustion had been initiated. It may be noted that three
distinct types of behavior are represented in these figures.
For convenience these will be referred to here as "least
reactive", intermediate and "highly" reactive.

Figure 43 is an example of one of the least reactive
cases. As may be noted, whatever heat release occurred result-
ed in only a slight perturbation in the tare pressure distribu-
tion. This situation could be associated with the ignition
limit for this particular case.

Figures 42, 44, 46 and 47 are examples of the
intermediate situation. Here, the heat release due to combus
tion is sufficient to generate compression waves downstream of
the strut which in some cases are stronger than the shock
emanating from the leading edge of the strut. Note also that
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some disturbance is propagated upstream of the aforesaid
shock impingement point indicating the possibility of shock
boundary layer interaction.

The highly reactive examples shown in Figures
41 and 45 confirm this possibility. Here it is apparent
that the heat release has given rise to compression waves
sufficient to cause substantial boundary layer separation.

To facilitate comparison of relative performance,
this pressure data has been utilized to compute a "duct
pressure integral" fr defined in accordance with the sketch
shown in Figure 48. The resulting values have been listed
in Table VII for each of the tests conducted in this series.

We can now verify quantitatively the comments made
in the previous section regarding the unreliability of the
photographs which were obtained.

Consider, for example, the comparison which had
been dhown in Figure 38. Based on these photographs it wouJd
have been anticipated that ff for Run No. 90 would be sub-
stantially higher than that for Run No. 80. The pressure
measurements themselves indicate that this is not true and
that ff is slightly higher in the latter case.

The anomaly is even more apparent for Runs 84 and
86. (cf Figures 39, 45 and 46). Note that Run 84 corresponds
to one of the "highly reactive" cases leading to boundary
layer separation.

Finally, we note that in the case involving Runs
87 and 88 (cf Figure 40) the two values of IT are virtually
indistingushable and that both represent examples of "least
reactive" cases.

d. Summary

The relative performance and ranking of the various
fuel systems examined during the 2-D tests is summarized by
means of the bar diagram shown in Figure 49. Points of interest
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are as follows. At low temperature ( 5000 R) both the
Shelldyne-H/additive and H-MCPD/additive demonstrated some
superiority in performance relative to the base fuel (Hexane).
At the intermediate temperat re level (1400-1600 0R) the
Shelldyne-H/additive system maintains this superiority; how-
ever, the H-MCPD/additive system falls somewhat below both.
Note also the improved performance of Shelldyne-H with additive
relative to the neat Shelldyne-H. At the highest temperature
ltvel (1900-2500 0R) the superiority of Shelldyne-H with ad-
ditive relative to the base fuel vanishes. It is not clear
at this time what the reason for this crossover in performance
is due to, particularly if it is recalled that a diametrically

S, opposite trend was observed in the axial tests.* One possible
mechanism for that effect can be postulated in terms of a trade-
off between the vaporization and combustion .kinetics of the two
fuels. This is best accomplished by referring to the data shown
in Figures 3 and 26. Figure 26, of course,merely shows the
monotonic increase of vapor pressure with temperature for both
fuel systems. In contrast to this parallel behavior, Figure 3
shows that for a fixed value of percent additive the next reduc-
tion in ignition delay time decreases rapidly with increasing
temperature. in view of these opposing trends it is likely
that an optimum situation can prevail at some intermediate temper-
ature level, leading to the observed behaviour. Additional
study would be required, however, to fully verify this con-
tention and to establish definitivly how any possible optimiza-
tion could be achieved in a practical burner configuration.

* It is important to emphasize here that this "crossover" is a
relative rather than an absolute one. That is, the performance
of Shelldyne-H + 15% n-propyl nitrate at a fixed value of
A (- .07) continues to improve with increasing temperature as
may be seen by comparing the respective values of V cbtained in
Runs 66, 67 74 and 86.

98



V

REFERENCES

1. "Research On Methods Of Improving The Combustion
Characteristics of Liquid Hydrocarbon Fuels", Volune I

"Low Speed Experiments" AFAPL NO. 72-24 1972, Esso
Research and mngineering Company, Linden, New Jersey.

2. Libby, P. A., Pergament, Hi. S., and Bloom, M. H., "A
Theoretical Investigation of Hydrogen-Air Reactions.
Part I - Behavior with Elaborate Chemistry," GASL
TR 250, Aug. 1961.

3. Westenberg, A. A., "Hydrogen-Air Chemical Kinetic
calculations in Supersonic Flow," JHU-APL CM-1028,

*1 Dec. 1962.

4. Westenberg, A. A., and Favin, S.., Ninth International
Symposium on Combustion, Academic Presm, New York, 1963.

5. Montchiloff, 1. N., Tabach, E. D., and Buswell* R. F.t
Ninth International Symposium on Combustion, Academic
Press, New York, 1963.

6. Sarli, V. J., Blackman, A. W., and Migdal, D., "Non-
equilibrium Chemistry and Nozzle Losses in Hypersonic
Ramijets," Presented at the AIAA-ASME Hypersonic Ramjets
conference, white Oak, Md., April 1963.

7. Chinitz, W., "A Theoretical Analysis of Non-Equilibrium
Methane-Air Combustion," AIAA Preprint No. 64-542, may
1964 (to be published in Pyrodynamics).

B. Burwell, W. Go, Sarli, V. J., and Zupnik, To F.,
"Analytically Determined Nonequilibrium mixture
properties in High Expansion Ratio Nozzles," Presented
at 3rd Conference on Performance of High Temperature
Systems, Dec. 7-9, 1964.

9. Mayer, S. W., Cook, E. A., and Schieler, Lot "Non-
equilibrium Recombination in Nozzles," Aerospace Corp.
Report No. TDR-269 (4210-1o)-6, Sept. 18, 1964.

99



1.0. Baurer, T., "Discussion of Non-Hydrogen Fuels for
Extension of Scramjet Technology," GASL TR 533,
May 8, 1965.

11. Hawthorn, R. D., and Nixon, A. C., "Shock Tube
Ignition Delay Studies of Endothermic Fuels," AOAA
Preprint No. 65-594, June 1965.

12. Fristrom, R. M4., Prescott, R., Neumann, R. K., and
Avery, W. H., Fourth Symposium (International) on
Comnbusti., Williams and Wilkins, Baltimore, 1953.

13. Fristrom, R. M., Avery, W. H., Prescott, R., and

Mattuck, A., J. Chem. Phys., 22, 106 (1954).

14. Prescott, R., Hudson, R. L., Foner, S. N., and Avery,
W. H., 3. Chem. Phys., 22, 145 (1954).

15. Fristroi, R. Moo J. Chem. Phys., 24, 888 (1956).

16# Fristrom, R. M4., Sixth SyosiumIn terltional)on

Combustion, Reinhold, New York, 1957.

17. Fristrom, R. M. Prescott, R., and (Grunfelder# Coo

Combustion and Flame 1, 102 (1957).

18. Fristrom, R. M. and Westenberg, A. A., Combustion and
Flame, 1,217 (1957).

19. Fristrom, R. M4., Westenberg, A. A., and Avery, W. H.,
"The Study of the Mechanism of Propane-Air Reaction
Based on the Analysis of Flame Front Profiles,"
JHU-APL Paper, 1957.

20. Semenov, N. N., Some Problems of Chemical Kinetics
and Reactivity, Pergamon Press, New York, 1958.

21. Magnus, Do E. and Schechter, H. S., "Analysis and
Application of the Pade Approximation for integration
of the chemical Kinetics Equations*" GASL TR 642, March
1967.

4:Q

100



22. Edelman, R., and Fortune, 0., "Mixing and Combustion in
the Exhaust Plumes of Rocket Engines Burning RP1 and LOX,"
GASL TR 631, Novenber 1966.

23. Edelman, R., and Fortune, 0., "Some Recent Developments
on the Analysis of Exhaust Plume Afterburning," Presented
at the Rocket Plume Specialists' Meeting, Aerospace Corp.,
San Bernardino, Calif., July 11-12, 1968.

24. Edelman, R. B., et. al. - Analytical Investigation of
the Effects of Vitiated Air Contamination on Combustion
and Hypersonic Airbreathing Engine Ground Tests, GASL
TR 676, February 19697 also AEDC-TR-69-148, Oct. 1969.

25. Tamagno, J. Fruchtman, I., and Slutsky, S.-: "Supersonic
Combustion in Premixed Hydrocarbon-Air Flow", GASL
TR-602 (Also AFOSR 66-0872), May 1966.

26. Chinitz, W., and Spadaccini, L. J.: "Research on
vaporizing and Endothermic Fuels For Advanced Engine
Application," GASL TR-635 (Also APL-TDR-64-l0o),
Feb. 1967.

27. Catton, I., Hill, D. E., and McRae, R. P., Study of
Liquid Jet Penetration In A Hypersonic Stream, A/AA
Journal Vol. 6, No. 11, Nov. 1968, pp. 2084-2069.

.101

..-



Unclassified
bcwut Clasaificotion

DOCUMENT CONTROL DATA.- R & D
(SocuaUy e0a0aff1coa at aflb.e boo of abaI1uet Ord IRdIN&M AmMI41l. Mal be ated whrn me .wemll LaffI classified)

I. ORIGINATING ACTVTY (cDe avae~ &REOTSEUIYCL111tCTO

3. REPORT TITL9

RESEARCH ON METHODS OF IMPROVING THE COMBUSTION
CHARACTERISTICS OF LIQUID HYDROCARBON FUELS

44. DESCRIPTIVE 06OTes (T~ipe e0t.tIpaaa efu det.
Final Report (Volumes I and II) January 1, 1969 -December 31, 1971

S. AU THORS) (?ft ime, t. InWiuIe. INassm)

Vincent J. Siminski Raymond Edelman
Franklin J. Wright C. Economos

Owen Fortune
S. 49POINT DATEToTOA 0.OPAE 6".ormp

February 1972218
* 4 I& CONTRACT OR GRANT NO. 01. ORINATQRS REPORT NWISERIsb

F33615-69-C-1289

*Task 304805a

"YO T "Tff~ted to U.S. Government Agncies ony aet and evaluation ofcomercia. pduot3 Other requests or tha do i a be referred to the
Fuel Brach APJ)ISFF) Fuels and L rcati n t§41;i on, oc eoFo

IDul.aion Laboratoryp Wright-Patterson AFB0 8go 443_______
11. SUPPLEMENTARY 510,35 i Ns-op 44-lIRVCTIVIYV

Air Force Aero Propulsion Lab.
Fuels Branch (AFAPL/SFF)
Fuels and Lubrication Div.

______________________(Project__ Engineer;_Capt._S._G.11111)

The purpose of this program was to determine, analytically and experimentally the
extent to which the autoignition delay times of liquid hydrocarbons could be reduced by
modification of the molecular structure or through the utilization of homogeneous addi-
tives and heterogeneous catalysts. To this end the autoignition delays of a number of
different hydrocarbons were determined in three different experimental apparatus; a
well-stirred reactor, a constant flow subsonic duct and a supersonic detached jet or
ducted flow system. At one atmosphere pressure the velocity and temperature of the
teat devices were varied from subsonic to supersonic and from 300' to 1600*K respec-
tively. No quantitative relationship could be established between the ignition lagsmeasured in the constant flow syitem and the average residence times determined in the
stirred reactor at the blow-out point. However, it is clear that the stirred reactor
data more closely describe the total hydrocarbon combustion time than any "pseudo igni-tion lag" associated with the hydrocarbon. Of the more than 25 different homogeneous
additives tested, the strongest ignition promoters, by far, were found to be the alkylnitrates and nitrites or nitric oxide and nitrogen dioxide. The presence of a platinum
surface on the walls of the combustion chamber reduced the autoignition temperature of
various hydrocarbons by 350"K. Fuel blends consisting of 15 volume percent n-propyl
nitrate in either H-tMCPD or Sheildyne-li were ignited and combusted In a piloted super-
sonic flow (Mach 1.5) over a temperature range of 300 to 1300'K. An ignition model
based upon quasi-global kinetics and Involving 10 basic chemical reactions has been
shown to be able to predict within a factor of 5, the ignition delay of neat hydrocar-
bons or blends of hydrocarbons with homogeneous additives. The development of the
model and the_ experimental_ results of the asusnic into et r ieai4

DD sm"".I 4 7 3 "'" ~ Unclassified



Re ODILINK A LIONKS LINK C
KROLMO VI ROLU. W ROL W

FHydrocarbon Ignition Delay Time

Auto-Ignition

Combustion of Hydrocarbon Fuels

Supersonic Combustion

Subsonic Combustion

Homogeneous Ignition Promoters

* i Heterogeneous Ignition

Chemical Promoters

Platinum Catalyst

Iftelatsif ed


