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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 1iquid hydrocarbons could be reduced by modification of the molecular
structure or through the utilization of homogeneous additives 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 atmo-
sphere pressure the velocity and temperature of the test devices were
varied from subsonic to supersonic and from 300° 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 1l,7-octadiene. Propane was observed to have an ignition lag of
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 easec with which they themally dissociate or oxidize te form
oxygen-atoms. The chemical reactivity of the oxygen atom compared to
other radicals in the preignition reections was found to be the
dominating factor. The ignition delay at 1000°K, of Shelldyne-H or
R-MCPD* was reduced from 180 and 110 milliseconds to 3.5 and 5.3
williseconds respectively, upon the addition of 25 volume percent
n-propyl nitrate. Other additives such as W0, N90, CO, Hy or per-
oxideg, esters, polyethers and alcohols had little or no effect on
promoting the autoignition of various hydrocarbons in the t- perature
range of 950-1300°K., Surprisingly, a synergistic effect between Hy
and NO or NOj was found to dramatically increase the ignition promoting
character of the oxides of nitrogen (Lxcluding N90) not withstanding
the faet that up to 2 weight perceat of hydrogen alone had no effect
. on the ignition delay of various fuels. The presence of a platinum
_ -surface on the walls of the cowbustion chamber reduced the autoignition
~temperature of various hydrocarbons by 350°K. The addition of 15
volum percent n~propyl nitrate to the hydrocarbons resulted in a
. dacyease in the autoignition temporaturc by another 200°K. A thermal
~ -maehanism, based on the promotion of the vapor phase oxidation reactions
;. ~by platinum, is discussed. Fuel blends congisting of 15 volume percent
'nuprmpyl niteate in eicher H-MCPD or Shelldyne-H wveve ignited and com-
‘pusted dn a pilloted supersonie flow (Mach 1.5) over a temperature range
‘of 300 vo 1300°K. An igoaition model based upon quasi-global kine téas and
involving 10 basie chemical reactiens has been shown to be able to
predice within a factor of 5, the ignition delay of neat hydrvocarbons or
blends of hydrocarbons with hamoganeaus additives. The development of
the wodel and the experimental vesults of the supersonic igmiuion tosts
are digcussed in Volume II of this mport.

*fﬁydtoganatéd dimer of wethyl cyclopeatadiene
iii
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CEUCION I

SUMMARY

The goals of this program were to determine, both analytically
and experimentally, the influence of molecular structure and homogeneous
or heterogeneous additives on the autoignition delay of hydrocarbous.
This volume of the final report describes the results of ignition delay
measurements 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-H and the hydrogenated dimer of methylcyclo-
pentadiene (H-MCPD). :

The data obtained in the WSR under kinetically limited conditiens
indicated that all the long chain alkanes had shorter residence times compared
to other fuel structures. In the order of inecreasing residence times:
alkenes < eyclics <polveyclies< complex hydrocarbens. Branching in elther
the alkanes or alkenes tended to increase the vesidence time (1) for a similar
nurber of carbon~atoms. Benzene had the longest (1) compared to hexyne=l,
the only triple-bond hydrocarbon tested, which had a residence time 2.5 times
as short. The complex, high density hydrocarbons had similar average residence
times as a elass, and were gewerally longer than any of the other hydrocarbons.

The homogenceus additives which consisted of alkyl aitrates and
nitrites, peroxides, epoxides and polyethers, in some instances reduced (7)
by 90%. 'the additive study indicated that groat carc musc be exereciscd in
sclecting an additive/fuel blond since vesults show that under eertain eir-

~cunstances, -the ignition prowoters beeame ignition inhibitors.

‘The auteignition delay times of neat'hydrocarbuns and bleunds of

~ lhydrocarbons with varieus homagencous additives ar one atwasphare in an

untvitiated subsonic ale strean wore determined in a constant eross section
duct. Over the temperature raige of 900-1250°K, the visuvally detomined
igndcion lags of loan mixtures (8 €0.3) in their order of decveasing lag
tiwes were: Shelldyne-it, H-NCPD, JP-7, long-chain alkenes, loug chain monolofias,
- diolefins and triolefins. Generally, tae case with whieh the fuel wolocyle A
was oxidized deternined tho wagnitude of the ignition lag times. The temperg-
ture r&%ﬁ;iggship to ignition delay vas described by an Arrhenius expression,
"t v ae BalRT gheve the global activation cnevgies (E,) varied dopending upon

the molecular structuee of the fuel. The values of (E,) determined from the
experimontal data for alkanes, alkenes and complex high density fuels wore
19.8 KCal/wole, 22.16 KCal/wole and approximately 40 KCal/mole, respectively.

' Homogeneous additives which focluded alkyl niteatos and nitrites,
peroxides, polyethers, hydrogon, oxygun, carbon wmonoxide, water, witrous oxide
and an alkylated boron compourd were tested in different fuels in varying con-
-eentrations. The results showed that the low wolecular woight alkyl nitrates
were, by far, the wost -effective promoters of iguition over the tomperature
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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 H, was combined
with nitric oxide a synergistic effect was observed. The waximum effect was
noted for Hy concentrations of about 8 volume percent of the total fuel flow
rate. N,0, H,0, CO, O, or tri-isobutyl borane did not promote the ignitioms
of a widé varlety of hy¥ydrocarbons. The ignition promoting effects of the
nitxogen esters and NO or NOj 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 NO» which were the reaction products.

The minimum autoignition temperatures of various hydrocarbouns,
varying in structure from alkanes to polycyelics, were reduced from 1050°K
to 550-650°K via heterogeneous catalysis in an ajr stream that varied in
velocity from 83-150 feet/sec. The catalyst was a3 l-inch diameter, thin
walled platinum tube that was 6-inches long anl !ocated on the inside surface
of the test duct. A thermal igaition model is propesed. The platinum surface
catalyzed the low temperature oxidation rates of rich mixtures of hydrocarbens
sufficiont to achieve local platinum surface temperatures which wore very near
the spontaneous ignition tewperatwres (S.1.7.) voported in the literature.

The successfull attainment of the goals of the program has demonstrated
‘that high density hydrocarbons can be blended with more “active" eempounds to
_produce blends which have high densities, high space heat release rates and
wost importantly low autoignition delay times, — AR

™~




SECTION 1I

INTRODUCTION

Mission profile studies of hypersonic velocity vehicles have
shown that in the regime of Mach 8-12, a supersonic ramjet (SCRAMIET)
fueled with a storeable, high density hydrocarbon offered striking
performance advantages over altermate propulsion systems (1). The
utilization of this air-breathing system became even more attractive
when the scramjet take-over velocity was reduced tu lower Mach numbers.
However, to accomplish this task, the fuel wust 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 thelir use, altemate 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 wmolecular structure, homogeneous chemical additives
“and heteyrogencous catalysts on the autoignition and combustion character-
istics of hydrocarbon fuels in subsenic as well as supersonie flow
environmonts at one atmosphere. Volume 1 of the report is concewmed

with the subsonic ignition characteristics eof hydrocarbons in a well-
stirred environment and a constant avea duct. Volume II describes the _
piloted iguitions of hydrocarbons in superscnic streams and the develep~ -
ment of the quasi-glebal auteimnition medel which was modified by the

. experimental results deseribed in Volume 1.

the First Phase was eoncowned with determining relative .
ignition delay tiwes of varieus hydrocarbons and additives iun an

" envirvonwent void of heat andfor mass transpert limitatiens suehi that the -

chomical kineties of the system were the liwmiting factors over the
-tewperature range of 1400«1650°K. The Well-Stirvved-Reactor developed by
- Longwill aud VWedss for determining the chemical Rincties of cowbustion
‘processes was utilized in this phase of the progranm 2). - tie Second
" Phase vas deveted to measuring the absolute valwes of “ehe gutoigaition
delay timos of a nunbor of hydrecarbons wvhich ineluded the same fuels
and additives studied in Phase One, but in a constant flew heated afr
systew which vas considored to wore closely yezomble a ptuutinal cowbuStor
_gyston,  The 1amparatutu was variud betwoen 550-1300‘ :

Phase Three consisted of an analytical study of the preignition
chomical reactions via a quasi-global kincties prograw vhich subseduontly
1led to the developmont of a wmathematical model which was showa to prodict
. within a factor of Y, the autoignitian 1lag tiuns ot iunls or fuel blendu

Cowith hnwogeneous additives. .

During the last phase of the program, the bost Yuel sysrowms
Cwhich were Shelldyne-d or H-NCPD + 15% n-proypl nitrate which wore defined
in the First two phasts were ignited and bumed in piloted supersonic
freo~jot and ducted flow coufiguratiou at various tLuperatutes <nd one
atmosphire pTOSSUIG-' .




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 reactiyity toward oxidation, particularly
in the temperature regime below 1000°K. (3) Molecular structure affects all
the phenomena that influence the initial phascs 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 effacts -
of fuel structure on the.e paramel rs,

Perhaps the first and most widely studied manifestation of hydro-
carbon structure on combustion was the development of "knock" in the internal
coubustion engine(4), “he environment of the fuel-air mixture is at a, relatively
low temperature and a high pressure and 1s 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.(3) The most reactive hydrocarbons in terms of "knock"
are long~chain normal paraffins and the least reactive (i.e. most "knock" 6
resistant) were the highly branched paraffins and low molecular weight gases. )
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 iIn the absence of an ignition
source. When the teuperature of the surrounding environment was graduvally
increased the chemical reactions are manifested by the appearance of ''zool" -
flames(al negative temperature coefficient regions(g , and explosions.(lo)
Generally, che liierature 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 as methane, ethane and propane have (8.I.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 alkanes.




In experimental situations more closely resembling a ramjet
environment many researchers have observed the same general relationships
between fuel structure and auto~ignition lag. (11) The determination of
ignition delays via shock tube techniques offers the best source of "kinetically
controlled" data,(12) 1In 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 ls
poor.

The practical application of the candidate fuel demands long-temm
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 tuv -
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 th»
kinetically controlled Well-Stirred-Reactor (WSR) the Continuous Flow Auto
Ignition Test System (CFS) and piloted Supersonic Flow Facility.

Criteria for Homogencous Additive Selection

A survey of the literature i1evealed that many different types of
homogeneous chemical additives had been tested as hydrocarbon ignition promoters,
in numerous types of experimentnl apparatus.(14'15) The large majority of the
eited refere .ces was concernced with the promotion or inhibition of hydrocarben
ignitions in Otto=Cycle Engines wheve the temperature and pressure conditions
were drastically different from a ramjet's combustor cnvironment., Resecarch
on diesel engine ignition promoting additives has been extensively reviewed
by Bogen and Wilson(16) and wany others (17), All these references as well as
our proprictary technology inticated that the following elasses of compounds
are, to somo degree, promoters of ignition of hydrocarbons under varying local
couditions. ' '

Peroxides

Alkyl Nitratos and Nitrites

Nitro Parrafins

Oxygen and Oxidation Products

Oximes and Nitroso Compounds
Aldehydes, Ketones, Ethers and Bsters
Metal Alkyls

Boron Rydrides, Silicone lydrides
Nitrogen Oxides

[ 2N BN BN BX BN BN BN Y J
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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 havin% design characteristics similar to subsonic or supersonic
combustion ramjets 20},

The chemical additives reported in the literature were divided
‘ato 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 alkzls which are either pyrophoric or toxic and have high heats of com-
bustion. (21)

Table I1 is a summary of all the homogeneous chemical additives
evaluated in either the WSR, the Continuous Flow Facility and the Piloted
Supergonic 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 ignition delays. Of secondary importamce in selecting the base fuels for
the additive screening tests were the cost and availability of the fuels. The
most attractive fuels were the long-chain n=paraffins such as octane and tetra-
decane, which although expensive, were available in sufficient quantities
to evaluste wany difforent additives. Thervefore, using these cviteria as a
guide, tha additives were evaluated in n-octane. Since the mono-olefin,

l-octene, also showed promise as a geod fuel, tho wost interesting additives

found from the octane tests were then screened with octene-l. These data
obtained with high purity, relacively simple hydrocarbong, provided the basic
understanding of additive cffects in various wolecular structures,

the low density of the pure hydrocarbons roduced the number of
practical applications for which they vere considercd. For this reason
doage fuols such as Shelldyae-H, H-MCPD and JP-7, reoceived more attountion
and wore therofore of mwost interest in terms of the effectiveness of howogeneous
additives. The additives wost effoctive {n simple hydrocurbons were therefore
testod Sn JP-7, as representative of this family of dense, mixed hydrocarbon fuels.
The most prowising additives found from che JP-7 tests vwere then tested dn
in high density fuels with clesed ring molecular structures,
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TABLE II

HOMOGENEOUS ADDITIVES TESTED ‘IN THE WSR OR CFS

Compound ~ B.E. (°0) Formula

n~Butyl Nitrite 78 n=G, HqgONQ
t~Butyl Nitrite 6% =G, HyONO
n-Amyl Nitrite 104 n-CSH110N0
i-Amyl Ritrite ' 9% 1—CSH110N0
n-Octyl Nitrite 176 CSH17ON0
Methyl Nitrate e . CH30NO,
Ethyl Nitrate : " 87.5 " . 'C,HgONO,
n-Propyl Nitrate 111 _ C3H70N02
n-Butyl Nitrate - 123 C,, HyONO,
i-Amyl Nitrate 147.5 05H110N02
Nitroethane 113 Gy H5NO,
Nitrobenzeue 211 . CGHSNOZ
Oxygen _ =183 : 0y
Carbon Monoxide «191.5 €0
Nitric Oxide =151.5 NO
Nitrogen Dioxide 21 10,

- Nitrous Oxide | -89.5 gzﬁ
Propylene Oxide 3.5 ' CH,CHCH40
Ethyl Oxalate , : 185 : (02“5¢°2)2
t-Butyl Peroxzide : - ‘C7H17COOH
t-Butyl Hydroperoxide. - .cslhcnou
Cumene Hydroporoxide o - T e CBHIICOOH
flydrogen , : ~3$3 il
Water - : 100 i,0
Hydrazine (98%) e 113 'NZ“&
Carbon Disulfide S 46 s,
Benzaldehyde _ ‘ : » 180 _ Cp ll;CHO
Triigobutyl Borane - 188 012H27B
1,2«Dimethoxyethane - 84 o c2n$(ocn3)2
1,2-Bis (2-Methoxyethoxy) Ethame 212 - Cglyg0y{0CHy) ,
2-Ethoxy Ethanol : _ 134 _ QﬁNQOOH
2-Butoxy Ethanvl _ 174 Cy 500U
2-(2-Ethoxyethoxy) Ethanol 21 L Calig30,0m

L 2-(2-Ehoxyethoxy) Ethyl Acetate - 227 - Gy 1050. Calls
3: »
: 9
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All the additives except N,H, were completely miscible in the
fuels tusted. Since some of the add%t 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 internal consultation which revealed that if the additives were

effecting the ignition-combustion processes, their effects would be evident

at this concentration.
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SECTION IIIX
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 deseription in the lean mixture regiom,
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 symmetrically arranged
in the wall of the i .ctor, mixed with a large volume of external air, cooled
by water injeetion 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., The thermal conductivi:y of the brick at
~ temperatures of 800 to 2000°F was 3.53 and 4.69 BTU/£t2/Mmr/°F/in. respectively.
The wajority of the brick material was Al,0. with 22 percent $i05. The outer
shell of the reactor was made of stainless Steel and was equipped with mounting
brackets and various parts to facilitate mounting. Proviously it was detexmined
with an injector sphere only 1/2 ineh in diameter, attaching 1/4" feed lines
to it soriously upsct the sysmetry of the jet pattern. Tthe use of a hemispherical
" reactor overcame this problem. Furthermore, because the injoctor was half-
cubedded into the solie upper half of the reactor, the antive injector and more
particularly the criticel region whore the inlet tubing was welded to it, was
kept coolor. thus greatly roducing the chauces of failure.

: To ignite the reactor, propane and air flow rates were set and
chc 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 an atomizing nvzzle placed upstream of the pre<hcater. A short
period of time was allowed to stabilize the flow of test fuel and then the
following procedute was fnitiated to determine the lean-blow-out points.

u
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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-Pt10Rh or Pt6Rh-Pt30Rh
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 pyroumeter.

The volumetric air flow was monitored by an in-line rotometer
and simnltanenusly 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.

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

During a test run, che fuel flow was held eonstant and the air
- flow was slowly increased at a constant rate. The reactaur flow conditions
" were such that, at the beginning of a test, the cquivalonce rvatio* (4) was near
1.0. As the air flow was increased, the equivalence ratio slowly deereased
_to a value between 0.1-0.5 at which point the lean limit was reached and the
© flame temperature-air flew curve, recorded on the X-Y rocorder, suddenly
changed slope due to the rapld quenching of the reaction. The "knee" of the
curve graphically depiected the temperature and volumetrie air flew at the blow-out
point whose equivalonce ratio was readily caleulaved. To change the total
teoperature of the system; it was necessary to incrcase the fuel and air flovs
o overcome the hoat losses, Yt was therefore possible to vary the blew=out

temperatures over a range of sbout 1400-1600°K while maiutaining the cquivalonce
ratio botweon 0.1 and 0.5. , _ .

% tquivalence ratio = T‘“‘“i 23:3?23\’3
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As discussed by Longwell and Weiss:(z) 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 uill 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 impossiblej the reaction
thus stops and in effect, the flame has blown out.

Longwell and Weiss showed that such a deviece, with sufficlently
small mass transfer resistance, the determination of the composition of the
burmming mixture coupled with a kuowledge of input conditions, temperature,
pressure and blow-out data, allowed the dctormination of the global kinetics
of lean mixtures via the following: ,

N - 4,76k a—E/RT

wo o Tm o aelf2

Whore N w ale vate, £.° moles/see
Um ieactmn volume, licers

P @ pressure, ata
o= overall rcaction ovder

& = yate comstant, e i ""I(‘lt)!'l2

(s coles) L sec)
B = activation encrgy, cal/cole |

R = gas comstant, cal/(g. wole) ('K)
% = yeaction te&péraeuxjﬁ. *% @& blow-out

# = equivalence ratio @ blow-out |

€ « available oxygea |

§ = combustible coacentration exponent
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Lean blow-out data for a wide variety of fuel structures(zs) 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 "quasi~ignition delay time" values, at some equivalence ratio ¢, when
the value, N/vpl.8 was known. Since all of the data reported here were obtained
at one atmosphere pressure, the ratic V/N is a measure of the average time the
combustible mixture spends in the combustor for ignition to occur. The average
"residence time" T at blow-out conditiomns was obtained from the relation:

T1=273 V /T V .
R “Fair Typical Values

where T = aveiage gas Yesidence time (sec) =~ == 0.8 = 5.0 % 1073
VR = hemispherical reactor vol. (liters)= - - - .014 - .015
vait = air flow (litexs/sec.) at N.T.Py =« = = .50 = 3.85
TP « flame temperature at blowféut (*R) - - =~ « 1390 - 1650

In the eguation which describes the average residencs time, the
. total volume of reactants is taken as the air flow (V_. ) since the fual
tlou rates are approximately 50 tises less for lean m?;ﬁnrus.

~ B. Countinuous Flow Autoipnition Test System (CFS)

The high temperature, continuwous flow dgnition test apparatus shown
4n Figures 3 and 4 was designed so that the auteignition charaeteriscies of a
- wide variety of fuels and additives could be studied at one atmasphere under
- a varioty of experiment: | conditions snah as air. tempurututn. mﬁxtnrc ratie, -
additive concentration, ete.

, Concenteie injoction of vaporized fuels into the het alr stroam via
a tulti-hole, flat face injector shown in Flgure 5 was ‘choson cver ocher tuel
_,:n,eation techniques for the folluwwing reasons: :

' (l) mininnm test soction vall effects
(2) better fuel-air mixing at subsunie air anetltieu but hibh
Roynolds Nusher ,
(3) ease of analytical treatment ci rosulta
{4) tuel vapor injcntiun

Also of fwmportance was the physical state of the fuel in the hot air/fuel
injector mixing region. The liquid fuels were vaporized in a flow-through
heater having a large surface grea heat transfev wediam. - Vaporization of
the fuel in this systed prevented or greatly redvced the thermal-cracking
of the fuel which could occur in a batch-type vaporizer where the light

hydrocarbons would be separated from the heaviar portion. A constant Flow

zi nitrogen :htough the vaporizer prevented oxidat;ou and assured constant
oud

16
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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 much
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 fmel to flow from
the control valve to the vaproizer. The continuous nitrogen flow through the
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 facﬁlity was obtained from a 150 CFM
compressor which pressurized a 3000 ft” sphere to 100 psig. This large volume
reservoir provided an abundant supply of cleam, dry air for the two propane-
air fired pebble-bed bummers. The pebble-bed consisted of a fourteen-foot
loug, 18-inch 0.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 arca

of the bed was about 800 fté, Approximately 1000 pounds of alumina balls were
used.,

The bed was heated by two propane-air burners which were designed
and fabricated especially for this system. The burners, which operated at
flame tewperatures of about 3000°F, were mounted at either end of the bed
and cach bumer had a capacity of about 250,000 BTU/hr. The normal heat-up
procedure called for the firing of the primary burner for about 3-4 hours which
heated the bed to about 2300°F. The primary burner was then shut-off and the
secondary burner, which was located downstream of the bed, was fived-up.

This burmer heated the pebble-bed transition section which coupled the airx
heater to the autoignition test section., Since all of the exhaust gases

from both burners exited through the test section, it was simultancously
heated, »

20




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 800°K.

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 tha injector were plugged
with carbon due to the pyrolysis of the fuels. Horever, the injector was
easily cleared by injecting water into the injector while it was hot. The
overall equivalence ratio was waintained 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 tiorough mixing of the fuel vapors and the additive to
occur. This arrangement ensured that the 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 wost promising compounds werc 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 weans of a scale permanently
mounted on the test section.
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Gaseous ignition promoting candidates such as NO, NO o N,0, CO,

29 and 0, were injected into the vaporized fuel-nitrogen mixture %hrough a
calibrate& 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 H,, CO,
NO, N,0 and 0, were easily handled by conventional metering techniques. However,
a separate cofitrol 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 NO, was metered as an equilibrium
mixture of N,0, and NO, @ 70°F through a calibrated pyrex rotometer fitted with
teflon pressure seals %hronghout. The N,0, 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 N 04
expelled the liquid through a stainless gsteel line to the pyrex rotometef
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 0.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 ingerted 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 II1B,
was attached directly to the heated-air source. The exit of the short test
scction was open to the atmosphere so that the products of the hydrocarbon--
air rcactions were exhausted into a 6-inch diasmeter steel duct. The eantrance
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
wanner as to allow observation of the thermal history by color change, of the
catalyst through the quartr windows.which were located along the iength 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 utilired 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
wis 2.5 degrees centigrade with an accuracy of 0.252 of full scale.

2%

b e W ate A AP Y -u---b~ . o b s P - SERPERIS Y e ara's i e & s e ad IR A8 P £ o




NIOO¥LIN ONV
1304 G3Z1¥0dYA
¥3ANITAD | | o
WNNILYd o | E
| j ) m
| | g=
3 o | <=
@ | 53
| -— & = n
» BT SER A o2
B
T\
385

; 1331S SSIINIVLS "7 »G90° T © ¥OLJ3rNI 45270

PIGURE 8.

PRI I A i BT 0 gt e

o S .r). Al . Lo ;. > o't - ° ) !
” - " P T A A Y
,.,-.\_.\51’,.5!'..,&!(14.: 61.!,\2;!...»s,.t{.-lﬁ..tt?e!viti..e,:.:.

H

$




e e oot e S bl o

. 4

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 (@) 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
veloeity occuring at the highest temperature was’ about 150 feet per second.

The corresponding ignition delay times were proportiomal 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 152 addition of n-propyl
nitrate the viscosity was reduced to 4.8 cs. Table IIL is a summary of the
viscosity improvement characteristics of n~propyl nitrate in Shelldyne-Hl 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, E; is the "overall" activation energy of the reactiom,
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 bouands of this study.

Normal Paraffins

The Arrhenius plots of the n-paraffins, methane, ethane, propene,
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. 1In 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 teo 28 Kcal/mole. Butane, for some ancmalus reason
behaved differently compared to the other members of the alkane family.

Generally, the average residence time of the normal paraffins
measured for leoan wastures in the temperature range of 1400-1600°K decreased
as the length of the chaln increased. . '

Branched Parafﬁins

: Figure 10 compares the vesidence times of 2-methylpentane (c i ,
. and 2,4«dimethyl poitane (C H,.). Compared to the base case-propane-«t&eir'
,"reaidcnce"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 waking the molecule
“wore resistant to chemical attack. At 1500°K, the value of ¥ for the C
and €y branched paraffins compared to the Cy normsl paraffin hexane, was

© 2.5 and 2.9 milliseconds respectively, Hexane had a value of T of 2.2

williseconds. The slopes of the curves of the branched paraffins were
-greater iadicating that thedc acuivator cnergy was greatet than the
Sttaight chain hydrotarbous. '
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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, cycloher.ne, wethylcyclohexane and
decalin (decahydronapthalene-trans) shown in Figure 11, were slightly greate:
than the energies calculated for the normal and branched paraffins. Benzene
had the longest residence time compared teo decalin which was observed to have
the shortest T, For any C6 hydrocarbon tested, benzene had the longest
residence time,

Olefins and Acetylenes

Pigure 12 contains the "ignition-=delay" data for a mono-olefin,
a diolefin and an acetylenic hydrocarbon. The rather steep slope of the
curve for l-hexyne, the acetylenic fuel, ... s 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, rcferring to Figure 14
which is a vomposite comparison of the ignition delays of all the fuels
tested at 1500°K, it -appears that hexyne-1 has the shortest "ignitiou-delay
. of all the 6-carbon molecule compounds at 1500°K.

7 The mono-olefin, octene-l, has similar ignition characteristics
to the long chain paraffin ectaune. Appdtentl}. the length of the straight
chain is more important than the presence of the single double boud .

_ The diolefin, 2 wmethyl, 1,3 butadiene, is less veactive than tho
leng~chain mono=-vlefin or the bhase case, propane, over thoe same temporature
rvange. The prosence of tua dauble bend& in this moltculu longthens the
"ibnition-delay" _ :

AﬂiXLd Fuels

" Figure 13 nnmpares the “ignition-delays" obtained for the aized

~ fuelsy JP-7, Shelldyne-il and the hydrogenated dimer of methyleeyelopentadione
T (NCPD-H). “ecause of the high viccosity of Shelldyne-H aud MCPR-H, compaved

to the light hydrovarbons, it was difficult to obtain the masimum funl flow

~ rate through the atomizing orifice which was lecatad dn the fuel waperiser

- section of the WSR system. The high density awd visecosity of s;elleynu&n
~would have vequived higher fuel tank expulsion sressures and alteration of

the size of the vaperizer atomizing eleseut dn the WSR svstow, both of which

word difficult to avhfeve. Bocause of the scatter in the data, the activation

anergios obtained frowm the ignition delay data were uncertain. The general
" behavior of this class of wixed fucls was indicativ; of the results obtainad
- in thc cycllc uompuunds shown in.Fibure 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 1500°K,
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

Table1V 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/vPl.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 loadiang factor
(4.5) there was a large difference between the measured and theoret:ical flame
temperatures, Logically then, it seemed that the heat losses, alilhough lower
at large loading values compared to low values of (N/VP1»8). wer: significantly
affecting the combustion processes.

Table V is the result of heat loss calculations for the experimeantal
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 insulatoyx 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 (Qp) as a function of ¢
for a fixed loading value of 4.7. The percent heat loss due to thermal conduc-
tion through the walls of the reactor was observed to remain relatively constant
over the range of @ 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 mechan’sm was responsible for the low combustion
temperatures, Longwell(2) also observed that heat losses,.even very small
heat losses, drastically altered the space heat release rates, He showed
that heat losses of 5 and 202 veduced the maximum heat release rate by 30
and 85X, respectively. He also showed, as reported in this study, that
these values were not significantly affected by #. The cather small heat
losses calculated for the reactor used in our study (3-5%) are responmible
for the lower combustion temperatures due to the decreased chemical 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

('] 0.3 0.5 0.7 0.9 1.0
° i
TTHEO (°K) . 1217. 1637 2000 2273 2346 :
@ 450°K initial state .
wvel® =45
-] -
TME AS (°K) 1250 1540 1760 1890 1940

@ 450°K preheated

a8 g

Tyeas () 1260 1530 1740 1870 1900
@ 450°K preheat w8 aas
(°K) 1100 1390 1610 1730 1750

T
S
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TABLE V

SPHERICAL SHELL HEAT LOSS
CALCULATIONS FOR PROPANE AT 1 ATM
M

Initial Conditions: 450°K

v/vptdy < 4.

Air Flow = 88 1/min
(Qu) (Fuel Flow) (Q) (Qin)

Cal./Sec. -8 1/sec, % KCal/Sec
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
35.2 ' 615 .0384 4.25 0.827

- 33.0 480 +0300 5.08 0.650
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C. Effects of Homogeneous
Additives on (1) in the WSR

i
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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 T
(fuel + additive)/t(Fuel) over the 1400-1600°K 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-Optane)

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 ~CHy-CHy=groups such as tert~butyl hydro-
peroxide, cumene hydroperoxide, 2-butoxy cthanol, etc. This class of compounds
was observed to decrease T at low temperatures while promoting an increase in
the residonce time at higher temperatures. The other additives tested in n-
octane included 4 nitro compounds, nitrate and nitrite esters and an epoxide,
propylene oxide. Generally, these classes of compounds were less effective
in reducing T over the temparature range of interest °K, with the exception
of u~butyl nitrite which in a 5 volume percent concentration reduced the resi-
dence time by necarly 702 at the lowest tomperature, 1400°K.

Olefing (Oetenc=1)

* The additives found to be effective in roducing t in the straight
~ chain wono=-olefin, octenc-1, were in general also observed to reduce t in tha
n-octane system. However, the effect of the nitro paraffins, and nitrate or
nitrite csters were much wore pronounced as shown in Figures 18 and 19, in

the olefin compared to the alkane. Of the nine differvent additives tested in
octene-1 the only compound which proved to be velatively ineffective in rveducing

T was ethyl nitrate. All of the addicives, however, decreased v at low combustion
temperstures, dy as wmuch as 804, and had an inhibiting effect at temperatures '
above 1550°K. These data scem to indicate that the presence of the double bond

in the straight chain increases the effectiveness of the homogeneous additives

in reducing 1. S o L
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Complex Fuels (JP-7)

Figure 20 illustrates that those additives containing the -CHy~CH,-
groups were more efficient promoters at high temperatures. Similar effects
were observed in n-octane with some of the same additives. 1In 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 n-butyl nitrite, 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 olefimic fuel,
octene=-l.

JP-7 contains about 75 percent paraffins, mostly normal and iso com-
pounds, an aromatic concentration of 2-4 percent and the remainder as mapchenes.
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 initisl 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 vesidence times,

D. Autoignition of Neat Hydrocarbon Fuels
In the Subsonic Continuous Flow Apparatus

Figure 21 contains the autoignition delay time characteristies of
lean mixturcs of various neat hydroearbons cbserved in a subsenic, continuously
 flowing unvitiated alr stream at one atmosphere pressure. The least-square
_plote vere votaired from a linear regression analysis and conform to the '
 familiar Arrhenius relationship T = AeB/RT  The ton different hydrocarbons

o were selected Yoy evaluastion en 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 Shelldyne-H,
- JP«7, H-MCPD and cyclohesene had similar auotignition delay charactoristics .
- over the temperature range of 1050-1250°K. At the reference temperature of
" 1000°R, the order of activity, in terms of increasing igaition lag, was found
 to be:  eyclohexene, H-NCPD, JP-7 and Shelldyae«dl. The slopos of the curves S

were similar thus indicating that the oversllegradual activation energies were
‘similar for those dense fuels. I R e :

- The ignition lags of propana, n~octane and n-tetradecane were
observed to increase slightly as the longth of the straight alkane chain
inercased. At 1000°K propane had an dgnicvion lag time of 34 milliseconds

Vsznpared to 37 and 42 milliscconds respactively for n-ovctane and n-tetrge

‘decane. S S o B o T
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The ignition lags of the olefins which included octene-1, 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 srther indication of the effect of increasing the number of double bonds in
a straight chain, on the ignition lag was ascertained by blending octene-1
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-l1 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 cf the blend of olefins was observed
to occur in two distinct phases. Upon injection of the fuel into the hot
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 wich octene=-l 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~l
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-l with 1,3,6-heptatrienc exhibited significantly lower ignition
deloys than the most ignition resistant fuel which was octene-l. The iganition
lag of 1,3,6-heptatriene by itself was not measured because a sufficient quantity
was pot 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 atums. Figure 23 compares the ignition lags
of a Cg paraffin, mwonolefin 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~l with 1,3,6~heptatriane 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, octenc-l, It is well known 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
nomogeneous additives were observed to depend on the chemical nsture of
the additive as well as the molecular structure of the fuel ir which they
were evaluated. Because of the large number of different fuel-additive
combinations tested during the program the results are presented by discus-
sing rthe additives effect as a function of the molecular structure of the
hydroca.bon fuels they were evaluated with.

Generally, the magnitudes of the ignition delay of the fuel b)ends
were inversely proportional to the log of the additive concentration,

Table Il sumparizes 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 werc determined in only
the C8 and CN normal parafﬁns.

nitric oxide _ (NO)

wethyl aitrate (cuaoxv%)
ethyl nitrate _ , (czusouoz)
iso-amyl nitrate ] ST ¢ !.-CslanNOz)
butyl nitrite (04119030)
tert~butyl nitrite : (t“ct; 9()NO)
anyl nitrite o .(05u110N0) o
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added to n-octane,

WPENMPR RS, S

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 evaluated 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, which
have boiling temperatures which range from 63° 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 injectiom
technique. The effectiveness of these additives in promoting the autoignition
of lean mixtures of n-octane in air, over a temperature range of 950°-1250°X
are illustrated in Figure 24. The volumetric concentration varied from one
additive to another because of their different fluid densities and viscosities.
Hovever, 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 obsexved to be iso-amyl nitrate. The nitrite esters were slightly
less effective than the nitrates. The tertiary isomer of the C, nitrite was
far less effective than any of the other alkyls tested. Curve ﬁ of Figure 24
shows the effect of 25 volume percent nitriec 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,

“wilch describes this relationship, the activation energy (S\) was reduced from

21 RCal/mole to less than 7 KCal/mole when 50 volumo pctgen% CZHSONoz was
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TABLE VI

PHYSICAL AND CHEMICAL PROFERTIES

OF ALKYL NITRATES AND NITRITES

(Sg)  (B.P.) St (ang @ 1) (@

~Compound = _(MW) @ 20°c °c

n-CZHSONO2 91.07 1.10 88 56
n-C3}l7ONO2 105.09 1.058 110 3
n-C¢390N02 119.12 1.015 123 330
1-c5n110u02 133.15 0.996 148 1.5
Mitrites
re 6“9°N° 103,12 0.911 79 19
t-CaﬂgoNO 103.12 0.92 150
n-CsH110NO 117.15 0.853 104 16
1-05H110N0 117.15 0.872 99 26
n-CBH170N0 159.22 0.862 177 127

(a) Liquid @ room temperature.

s3

Kcal[mole Kcal/mole
-313.39(26) 45 51(26)

«470.0(26)  _57.97(26)

«264,5(27)

We. %

50.5
43.8
38.6
4.4

29.2
29.2
25.6
25.6
18.9
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log Ty = log Ty
Overall Activation Energy, Ea = W =177 Re 2.3
1 2

where T, and T, are the ignition lags (millisec.) measured at temperatures

1
1 l)‘

(°K), Tl and T, 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 (914330)‘
The Arrhenius plots given in Figure 25 showed that the longer chain
length was wore greatly affected by the homogeneous additives, compared to
the C, straight chain alkane notwithstanding that the ignition delay charac~
terisgics of neat octane and tetradecane are similar, as shown in PFigure 21.
The overall activation energy (E;) of neat tetradecane was ahout 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 Hgouo). At 1000°K the
ignition delays of tetradecane and octane with similat concentrations of n~
butyl nitrite were 4.5 and 5.5 milliseconds, xespectively.

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 flave had a green-yellow co}or. which was indicative of the well known
NO+0 recombination reaction, (23

Effactiveness of Olefins

Fuels containing double bonds esxhibited rapid thermal and oxidative
reactions at high temperatures. 7The presence of double bonds leads to two
significantly different effects compared to the alkanes. Hydrogen abstraction
vhich leads to resonance stabilized radicals and addition to the double bond
occurs in the olefins. The ensuing oxidation reactions are quite different :
than 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 olefins .to the additives, compared to the
paraffins, is shown in Figures 26 and 27, : '

The most effective additive ia the wonolefin, octene, for a loading
of 25 volume percent was ethyl nitrate (CZRSONOZ). 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 oxide. Come
parison of curves B and D of Pigure 26 shows that the combination of hydrogen
and nitric oxide results in a synergistic effect as evidenced by the large _
~veduction T in the case where Hy 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 volums
percent Hy, with 25 perceat aitric oxide, the overall activation enexrgles
decrived from curves B and D remain eagsentially constant. The same concentration
of Hy without any nitric acid additioa produced no ignition prowotion.
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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 was observed to be
even more responsive to the ignition promoting effects of the additives
tested in octene-1., Comparison of curye B of Figure 27 with curye 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 monmolefin. 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
immediately 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 (>600°C) resulted in the generation of GO and Hy0 via
the Water-Gas Shift Reaction, thereby purging the injaction of the deposits.

The overall activation energies of the ignition reactions of neat
octene-1 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 l,7-octadiene.

The ignition reactions of the olefinic fuels promoted by the
auditives 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+0 recombination
reaction followed in the tall 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 okserved 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 isomer occurred 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 cbserved as low intensity
grey flames.
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Effectiveness in Complex Fuels

The category of Complex Fuels consists of Shelldyne-H, the hydro-
gene' . 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 c
;o H
c33 ¢
CH, CH,
HC c - cH,
\c / H\C /
H '
(Cy4Hyg)

Based on elemental analyses and mass spectroscopy Shelldyne~H is a mixture
of polycyclic unsaturated hydrocarbons with molccular masses of 184, 186
and 188, The material of mass 186 was the major constituent. Relating

the elemental analysis to the mass, the carbon-hydrogen ratio for the major

component was C14H18 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 igunition
of Shelldyne-H 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-H ignitions, the additives such as ethyl oxalate,
tert-butyl hydroperoxide and 1,2-dimethoxy-ecthane were relatively ineffective
for the same volumetric loading. Of these, the most effective additive was
1,2-dimethoxyethane. The alkyl nitrates and nitrites, without exception,
had very strong ignition promoting effects. The least effective of these
was tert-butyl nitrite and the most effective were, in their order of decreas-

ing effectiveness: n-butyl nitrate, u-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 1000°K.

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
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 xelease values, the ignitionm
promoting effects of varying concentrations of n-~propyl nitrate in Shelldyne-H
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 unitrate was chosen as the additive because of the following:

o Availability

e Low Cost

o Good Physical Proporties ~ High Sg.

e Moderately High 4 He

¢ Good Ignition Promoter (28)
o Military Applications as a Meno Fuel

Upon blending varying quantities of propyl nitrate with the viscous Shelldyne-H

it became apparent that the viscosity of the blend was substantially less

than it was for neat Shelldyne-H. ‘Thoe ease with which the flow rates of the
blends could be controlled as indicated by the glass rotometer flow metering

device was rvemarkable. Subsequently, such properties as viscosity, freezing

~and boiling points and flash points of various blends were performed at the

Fuels Laboratory of Wright-Patterson Alr Force Base. The results of those

tosts are given in Table IIL. Figures 30 and 31 show the effects of w-propyl unitrate
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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 gignificant 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:

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

e NO or NO2 resulting frcm the ester decompositiom.

o 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 oeccurs

with cleavage of the 0~N bond and vequires about 34-36 KCal/mole.(zg) The
reaction products consist of alkoxyl radicals and either NO or NO,. From

the previous tests with NO as an ignition promoter, it was established that
compared to other additives such as 1,2-dimechoxyethane, tert-butylhydro-
peroxide and other alkoxyl radical sources, the promoting effects of nitric
oxide were many times greater than an equivalent amount of the peroxide
compounds, Or the basis, the alkoxyl radicals were ruled out as the signifi-
eant ignition promoting species.

The relatively low heats of combustion of the lower molecular
woight alkyl nitrates or nitrites, compared to the hydrocarbons as seen in
Table 6, rules out their thexmal effects as being a significant influnnga
in promoting ignition,

The only remaining possibilicy was that the awotigiition of tho
hydrocarbons was effected by nitric oxide and nitrogen dioxide which were
products of thermal decowposition of the additives. Plgure 37 is a compilation
of all the ignition delay data obtained for Shelldyne-Hl blends with varying
concentrations of differomt m lecular weight alkyl nitrates and nitrites. By
normalizing the ignition delay time as a function of the weight fraction of
NO ox NO, generated in the thormal dacomposinion of the nitrales or nitritoes,
the data™show 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 NO,, are
about twice as effective as the nitrite esters which produce
NO upon their decomposition.

3. Generally, about § weight percent NO or NO, 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 haye 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 NO,. The increased promotional effects of the ester's
decomposition products compared to neat NO and NO, 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 laxge concentrations
of neat NOj to Shelldyne-H over a broad temperature range. The ignition
delay was independent of the N0, concentration above 8 weight percent as
evidenced by the constant slope of the curve for NOz concentrations that
varied from 23.8 to 71 weight pervant. e

Additive Effectiveness in H=MCPD _ '

The high density (although somewhat lower than Shelldyne-H) and
high heat of combustion of fully saturated moethylcyclopentadiene also made
this fuel a good cundidate for volume-limited propulsion applications. The
optimization of additive loading and the screening of ignition promotion
effects with other types of additives wgs carried out wuch in the same
manner 88 previously described for (Melldyne-H. Figure 33 shows that the
alkoxyl radical generating additive ', 2-dimethoxyethane was almost non-
effective in reducing the igaition lag tiwe of W-MCPD in a 25 volume-porcent
congentration. On the other hand, the alkyl nitrates and nitrites were
obsorved to be good promoters of H-MCPD ignition. The nitrate and nitrite
esters were less effective. in H-NCPD compared to Shelldyne<ll for equivalent
additive concentrations and che aly inlet temperature ronge of 950°-1250°K.

The overall activatfion energy of H-MCPD ignition derived from the Arrhenius
© temperature dependence was about 35 KCal/mole compared to 40 KCal/wole for
Shelldyne-H. The addition of 25 volume percent n-butyl nitrate to H-MCPD
reduced the activation energy to 10.5 KCal/mole. A similar reduction ia
activation cnergy was -dbserved in Shelldyme-il. - ' ' E
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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 0°F 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 charactex=-
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 homogeneous
additives were the alkyl nitrates and nitrites. Since each compound within
their respective homologous series thermally decoupose to affect the auto-
ignition reactions in the same manner (0-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 fulfilled those properties.

Although Table VII compares propyl nitrate blends with Shelldyne-R
or H-MCPD for two different concentrations, the ignition delay data and
thermodynamic data given for the other fuels in Tabla VIIX 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 C33~Cy4. The molecular
formula is best represerted as Cyplizg. Because of the wide dispersement
of JP=7 in the field, this fuel was also considered as a possible candidate
for supersonic combustion propulsion applications. :

Figures 34 and 35 summarize the effects of various homogencous
additives on the ignition lag of JP~7. The fuel used in all the tests was
received from Aly Force storos and was wnor identified further.

The alkyl nitrates and nitvites or nitric oxide were observed to

be the wost effective ignition promoters compared to such additives as 1,2-
dimethoxy~otaane, ‘ertiary butylhydroparoxide and cthyl oxolate. For 25
volume porcent additive concentrations the wost offective additives were
n-amyl nitrite and iso-amyl nitrate. Curve G of Figure 34 shows the
ignition prowoting effect of n-buiyl nitrice on a binary fuel blend con-
sisting of JP=7 and octene-1, compared to the additives effoct in JP-7
alone., As has been observed previously, the presence of the double-bond

~ in octene=1, enhanced the effectiveness of the alkyl nitrite in reduniig
the vverall dganitfon delay of the binary fuel blend. Figure 35 shows the
same effects for various binary fuel blends Dor 25 volume percent nitric
oxide addicions. These results show that nitric oxide Se¢ems to be wost
effective in long chain paraffins such as n-tetradecane compared to n-ottane.
The two, double bonds in 1,7-octadiene cliarly is move receptive to the
ignition promoting effccts of nitric oxide than either JP-7 u-octane or
vctene~l. ' ' ‘ .
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q TABLE VII :
PHYSICAL AND CHEMICAL PROPERTIES
OF HIGH DENSITY FUEL BLENDS
BIU BIU 7@ 1000.K
Fuel Sg Gal. Lb. {Milisec.)
Shelldyne~H 1.1 . 163,000 17,800 180
’ . : . i )
50% Shelldyne=~H . .
50% Gyl N3 1.08 117,250 12,950 2.5
75% Shelldyne=H
25% N0y 109 139,000 15,300 - 3.5
H=MCED ) 0.93 143,000 18,400 - 145
75% H-MCPD . | ,-
25% Cyll, N0, 0.96 124,900 15,600 5.5
n=CyipNo, 1.06 71,500 8,100 23 -
JP=7 © 0.80 124,000 18,600 110
R
¥
:




TABLE VIIT

HEATS OF COMBUSTION OF VARIOUS HYDROCARBONS

Fuel Mol. Wt. = A He (KCal./Mole)
n-Propyl Nirrate 105.1 470
Cyclohexene 82.1 842.4
Cyclohexane : 84.2 875.6
1.Hexene 84.2 §94.2
Hexane 86.2 915.9
Msthyl Cyclohexane 98.2 _ 1018
4 -Vinyl Cyclohexeae 108.2 : (1100)
(®-MCPD) 124 12724
Tetralin " _ 132 1288
Decalin | B8 13%

Sholldyne i S - e
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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 NZO) or the nitrogen esters.

G. Effects of Nitric
Oxide in Varilous 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 NO, 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 NO, 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 that the ignition delay of Shelldyne-H is primarily temperature dependent
for NO, concentrations greater than 23 percent. These results are in accordance
with tﬁe previous findings concerning the dissociation of NO, 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 wvolume 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 0-N bond.

H. Effectiveness of Miscellaneous Additives

The search for homogeneous igrition 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.gig“ggg show any ignition
promoting effects in lean hydrocarbon-alr mixtures, in varying concentrations
over the temperature vrange of 900-1250°K.

oxygen
carbon monoxide

water

hydrogen

nitrous oxide

formic acid
tri-isobutyl borane
carbon monoxide + water

I, Catalytically Promoted Hydrocarbaon
Ignition in CFS with Platinum

Utilizing the experimental arrangerent describad in Section IIIC
the hydrocarbon ignition promoting characteristics of platinum were evalu-
ated over the temperature range of 500-1150°K, an air flow velocity range
of 85 to 150 feet sec™l 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 stoichiometry,
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 l0-test section
diameters downstreaw of the fuel injector (test section diameter is 1.065
inches). tully developed turbulent pipe-flow existed in the area of the
duct where the platinum cvlinder was located. The total surface area of
the platinum was 18.9 in.Z2,

fhe possibility that the platinum cylinder's leading edge acted
as a flame holder was assumed to be unlikely because the wall thickness of
the piatinum 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 stolnless steel was inserted into the
test section in place of the platinum cylinder. The hydrocarbon ignition
promoting effects were ouly observed when the platinum cylinder insert was
urilized,

12
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An orange glow was observed to appear at the exit of the test
section when NO, 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 NO, 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 N,0 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 (NOZ*).(3O’31) Paulsen identified the mechanism as:

*
NO2 +M = NO2 +M
NO, % —3. NO, + hr
2 2
where M is N2 or 02.
J. The Synexgistic Effect of H, + NO

2

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 the hydrocarbon flame
temperatures were much higher due to ﬂu:AHc of hydrogen. However, when
H, was added to the hydrocarbon fuel in the presence 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 H; in
octene~l with 25 volume percent nitric oxide was determined over the tempera-
ture range of 950-1200°K, is shown in Figure 36, Clearly, with up to 35
volume percent addition of Hy 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~l 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 extvemely 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 NO, evolved
during its thermal decomposition. The nitrites, containing less NOy on a

weight fraction basis than the nitrates had correspoudingly longer ignition
lags.
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thn the platinum linear was initially tested, as received from
the vendor'?®’, 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°C 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. FEach time an
ignition reaction did occur in the test section, the platinum surface tempera-
tuxe 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

same platinum tube was utilized in all the ignition tests reported.

The sequence of events which led to the igniticn of the fuels
was found to vary according to the air temperature. In the temperature
range of 900-1150°K, ignition was extremely rapid and produced highly
luminous flames inside the test duct. At temperatures between 500-900°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 550°K, the catalytic activity was evident by the
orange color of the platinum tube which resul:sd from exothermic reactions
occurring on the 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 represeats the 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, Nowark, N.J.
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TABLE X
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CATALYTICALLY PROMOTED (Pt)
IGNITION CHARACTERISTICS OF HYDROCARBONS

Equivalence Ratio (@)

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

Tetralin 1.9811.73]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 |0.3z
1~Hexene 2.08[1.49]1.18 |1.01 [0.88 |0.79 [0.71 |0.65
l-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 Cyclchexane '
+ 15 N.P.h. (4.1) {(1.15)
Cyclohexane 1.93] 1.83; 1.82] 1.72] 1.52| 1.25
Cyclohaxane
+ 15 th-Nt 1.5‘. (0.38)
Hexane 1.97] 1.48] 1.21] 1.04
Hexane

+ 15 N.P.N. (6.6) 1 1.32
W MCPD 1.70) 1.36 | 1.06 { 0,80 0.61]0.45{ 0,33 0.22
H MCPD '

+ 15 N.P.N. 1.18] 0.921 0.75] 0.60 | 0,50 | 0,41 0.33]0.27 ] 0.22 kO.1
Decalin 1.83] 1.46] 1.26] 1.14] 1.65 | 1.00 | 0.90 | 0.70 | 0.64 | 0.51
Decalin '

4 15 N.P.N. 2.28| 1.52] 1.16] 0.95) 0.78 0.6710.560.45][0.36]0.27
Cyclohexene 1.73] 1.24] 0.96] 0.81] 0.7510.69 ] 0.61[ 0,54 ] 0.44] 0,35
Cyclohexenu

+ 15 N.P.N. (1.90) 1.55] 1.24] 0.94} 0.66 | 0.4410.38]0.35{0.32]0.31] 0.30

IShelldyne - N 0.98(0.730.60] 0.49 | 0.40
Shelldyne = M

+ 15 N.P.N, | 2.75] 2.15] 1.75) 1,38 1.11]0.89 | 0.71] 0.57 [ 0.38 ] 0.15
4Vinyl Cyclohexenc 7 1,67/ 1,15} 0.94]0.8310.77] 0.73[ 0.71X0.69)]
4=Vinyl Cyclohesene |

+ 15 N.P.N. 1.35) 0.94{ 0.71] 0.58

(a) a=propyl nitrate volumetric concentration

(parentheses indicate extrapolated )
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Figure 39 contains the catalyzed autoignition limits of hexane,
hexene-1 and 15 vol. percent propyl nitrate blends of each of the fuels. The
minimm auto-ignition temperatures of the neat fuels were found to be 650°K
for hexane compared to 700°K for hexene-l. 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 perxcent 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 whnen the equivalence ratios were
calculated. These results are quite significant when the spontaneous igrition
temperatures reported in the literaturxe are compared to the platinum catalyzed
results. Table XI 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 vel. X blends with n-C3jH;0N0, are given in Figure 40. The
lean and rich igonition limits for decalin are 1050°K and 570°K respectively
compared to 1090°K and 675°K respectively for tetralin. The minimum ignition
temperatures (M.A.T.) for both of these fuels occured at an equivalence
ratio of 2.0-2.5. The spentaneous ignition temperatures ($.I.7.) reported in
the literature and given in Table XI are 520°K for decalin and 654°K for
tetralin, The platinum catalyzed minimum ignition temperatures of these fuols
are in goneral agreement with their published S.1.T. values.

n=-Propyl nitrate decreased the platinum catalyzed winimum ignition
temporature of decalin to 550°K compared to only a slight improvement of
totralin's winimas igoition temperature, However, the additive was very

effevtive in reducing the outoignition temperatures of botiv fuels at lower*
oquivalence vatios, as shown in curves € and D of Figure 40,

Figure 41 compares the platinum catalyzed autoignition limits of
Shelldyne=H, H-MCPD and 15% C3H70NO; blends with both fuels. The minimun
autoignition tewperatures Shelldyne-lt comparad to H-NCPD were 785°K and
730°K respectively, fThe addivive reduced the minisum temperature of H-MCPD
to 625°K compared to little or wo reduction for Shelldyne-H. Also, as
previously shown in its effect in decalin and tetralin, the propyl nitrate
substantially lowered the igaition temperatures of both fuels, over the
entire range of equivalence ratios tested. There ave wo data available in
the literature conceming the $.1.1T. values for edther of these dense fuols
but as a generalization it way be sald that the increased magonitude of the

minimun autoignition temperatures of these fuels would be expected because

they are completely saturated and as such relatively resistive to oxidation.
Shelldyne~t and H-KCPD had the highest, minismum autvigoition temperatures of
any hydrocarbon ¢valuated in the platinum catalyzed flow devico.
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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 08 (-d q ain)®>
Fuel °C °C @ M.A.T, KCal sec Kcal sec~!
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 37
Hexane 350 227 3.0 >12.0 .82
Hexene=1 405 253 3.0 14.0 92
Tetralin 405 384 2.2 12.2 92
4=Vinylcyclohexene 415 269 2.0 104 +96
H=~MCPD 460 -- 2.5 10.5 1.07
Shelldyne=H 515 - 1.2 5.8 1.16

(o) Heat ivput of fuel in KCal/Scc. at # and (M.4.T.).

(b) Enthalpy of air streawm in KCal/sec. 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
teuperatures are rapid. Figure 42 shows that cyclohexene had a minimum
autoignition temperature of 570°K compared to 4-vinyl cyclohexene which
had a value of 685°K at a similar mixture ratio. The spontaneous ignition
temperatures (S.I.T.) of cyclohexene and 4-vinyl cyclohexene obtained from
the literature were 514°K and 540°K respectively.

The qualitative agreement between the published valuves 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 535°K 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.1.T, as well as for the catalyzed ignition values.

The effect of n~C3H;0NO; addition (15 vol.Z) te either fuel reduced
the minimum autoignition temperatures from 600 to 570°K in nethyleyelohexane
compared te a reduction from 550°K 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
same fuels indicate that the controlling mechanisms are closely associated.
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’33) 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 numbexr 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 alse 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
caxbon 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 T to increase rapidly as evidenced by the
marked change in t «bserved between 2,4-dimethylpentane and 2-methylpentane
and hexane, Similar trends were observed in the olefin series. The anomolous
behavior of butane way be due to a similar offect if the "practical grade"

material contained branched chain isomers. Unfortunately, the butare sample
was never analyzed.

(32)

_ The presence of double bonds in the olefins with carbon chain

lengths up to 8 required longer residence times than the normal, loug-chain
hydrocarbons which contained the same number of carbon atoms. A comparison

of the monoolefin octone=l (Cgliyg) and the n-paraffin octane (Caﬂlg) revealed
that t became similar after the chain was longer than about 6 carbous. However,
the diolefin, 2-methyl=l,3«butadiene (csns) which has two double bonds and a

wethyl group was observed te have a larger Y than the five or six carbon

atom n-paraffins. Thoe cyelic compounds from benzene to Shelldyne-H followed

the same general pattern observed in the n-paraffins, oxcept that the pavaffins

exhibited shorter t's. The face that JP-7 contained from 2=5 poveent aromatics,

about 75 porcent paraffins and the remainder as naphiienes and exhibics a '

vosidence time sdmilar to that weasured in methyleyelohesane (37“16> and decalin

(Cypit1a)» indicated that the presence of eyclic eompounds wore deloterious as

far as t was concerned. The presence of ring structures in Shelldyne-H and

- the wCPD-diser wore indicated by the exporimontal measurcoents where it was
noted that all of the clused ring structures behaved somowhat the same.

92

AR NEIUIDUC SERPRITIR Rt et e MRS SRR RS S




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 -CHy~ group to methame leads to the formation

of coupled oscillators and that 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 couplirg 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 canm
also play a dominant role in determining the length of the ignition delay.
This attack will generally oceur by hydrogen abstraction from the hydrocarbon
and will be determined by the number and strength of the CH bonds present.
According to Rice(33), at 300°C, the relative rate of abstraction of primary:
secondaryitertiary hydrogens is 1:3:33. In complex molecules, the strength
of CH bonds was nct always aceurately known and while there can be little doubt
that it was affected by substituent groups in the wolecule, active qualitative
estimates of this effect will not always be available. Furthermore, the rate
of abstraction may also be affected by steric effeets such as might arise
from the presence in the molecules of a bulky group. Benzene has a very high
C-ll bond strength and is quite rosistant to oxidative attack--it showed a long
residence time. : '

The stability of the combustion intermodiate may also be of
importance. The groater reactivity of aldehydos compared with ketones has -
been used by Pope(38) to account for the enhanced oxidation resistance of
straight chain and branch parvaffin, ' S

Similarly, the longer T displayed by wethane comparod to ethane
or propanc or highor hydrocarbons could be rationalized on the basis of the
greator strongth of the C-H bond in wethane, A great many factors caa thus

Cinfluence the chowistry of the reactions ioading to ignition which ene pre-
dowinates in a particular sicuation cannot always bo predicted a priovie-
widle considerations of svme of these factors can provide the general

directional guidelines, they must be used with diffidence.

Longwell's carlier studies of wellsstirved loan blow-out limits
of various hydrocarbons aind non=hydrovatbons showed that the data could pot
be completely explained on the basis of combustion tewperature differences
botween various fuels.(23) Wis data also indicated, indecd very strongly,
that chemieal offeers played a significant role in the combustion provoss
leading to blow-out., Mullins(37) has reported very strong ignition prowoting
effects for alkyl wityates and nitrites in kerosoue, whereas Longwell found
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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 pressurc with concentric injection of
atomized liquid fuels., Curvel7represents the "combustion 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 through

+ It is obvious from a comparison of the ignition delay data obtained

from shock-tubes and continuous flow devices that the characteristic times
(t) measured in the WSR are gonerally about 10 to 50 times longer tham
reported for shock tubes or continuous flow devices at the same tomperature.
These relationships at first scems to indicate that “combustion time" may be
the rate controlling factor in the combustion process; not the ignitien delay
tine. Delay times measured in shock tubes for propane and a~-oetane reported
by Snyder(38), Scheller(3%) and Kogarku(40) ara given in curves 18, 21 and 20.
The longer “combustion times" derived from stirrcd-reactor wasurements of
hydrocarbons scoms to indicate that the processes important in determining
(t) via shock tube or continuous Flow techniques are different frem thoso
asseciated with “"kinctiealiy-limited" stivred roactors. In general, the
hydrocarbous and uon-hydrovarbon additives scem to eshivit a larger variation
in behavior due to wmolocular structure deriving rcactions that commenee at
low tewperatures than they shewed i the wigh temperature stirrved reactor.
The low temperature oxidation reactions and thermal cracking aro unimportant
in the stirred reactor whercas their importauce in low tomperature continuvous
flow and shock tube divizes are paramount. ‘

The stirved veactor, when operated in the lean blow=vut region
under adiabatic conditions was found to be kinetically limitedi(ﬁi-ﬁg) :
 And yer, the residence times obtained in thig deviee are 10 to 50 times
longer than reported for shuck tubes, which are algo kinctically-limited.
To explain these differences -okaw and others have sugpested that the total
time required to completely oxidize (burn) a hydrocarbon is a combinatlon of -
the ignition-delay time (1)) and the burning tiwe (t2). (43,38)  1f che
residence tices measured in the stirred reactor are a combination of 1y 41,
then the difference between the stirred reaction residence times and the ©
ignition delay (t,) measured in shock tubes or constant flow systess ropro-
sereg the buening time (13) of the hydrocarbon, Figure 44 shows that in
nearly all cages, the buming tiwe (1,) is @any times longer than (1,), the
~auto-ignitiun delay time of different molecular structure hydrocarbons,
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TABLE XII

REFERENCE IDENTIFICATION FOR FIGURE 47

Test
Curve? Fuel System Device Refercace
1 n-octane + 5% C,HgONO, (B <.5) WSR This work
2 Octene=1 (P <.5) WSR "
3 n=octane (# <.5) WSR "
4 Shelldyne=H (@ <.5) : WSR "
5 n=hexane (# <.5) WSR "
6 Isooctane (P <.8) WSR Longwell (23)
7 JB=7 (P <.5) WSR - This work
8 Shelldyne=H (# <.3) CFs "
9 JP=7 (® <.3) ' CFS "
10 n=octane (P <.3) : CFS . "
11 Octene=l (B <.3) ﬁ cPs ' "
12 Propane (0 <.3) - CFS : o
13 n=octane + 50% Calig N0, (P <.3) - CFS _ "
14 Kerosene + 50% Cali 08O, (2 ._<73)_ o . CFS Mullins (20)
15 Kevosene (® <.3) ' R CFS , " (20)
16 ~ peheptane (B <.3) ' o N ¢
17 Kevosene Burning Tiwe (Evom 18) ~  CFS e a0
.18 . ueoutane (f = .5) L Y S Goydex g)
19 Propaiso (0 <.5) ‘ : E ' : B S Zimont (&9;
" 20. - Propane (B <.5) R st . © . Rogarku (40)

20 Propmme (B <.S) st Seheller (39)
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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-1, methyl nitrate increased the relative residence time by a factor
of two at 1500°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. At 1600°K the relative residence time was reduced by seventy percent,

In JP-7, the most effective additive was 1,2 dimethoxyethane. The
relative residence time was reduced by 50 percent at 1400°K and ninety-percent
at 1600°K. This additive in octene-1 decreased the relative residence time by
seventy-five percent at 1600°K and increased the time at 1400°K. By contrast,
this additive had only a very slight effect in altering the residence time of
n=gctane.

In geuneral, the nitrogen csters were less effective ignition modi-
fiers at low temperatures compared to the peroxides and nitre pavaffins,
Indeed, some of the nitrogen esters exerted fnhibiting effects at low tem=
peratures and premoting ignition at higher temperatures. The chemical
effects attributed to the alkoxy) radicals which are decomposition products
- of the thermal disseciation of the nitrogen esters wore of consideral importance
- in the ultimate effects of these additives. Ethyl nitvate had a much greater
wodi fying cffect than methyl nitrate over the same tewperature vange. The
alkoxyl radicals are well knewn as intermediates in the prrolyais of nuserous
organic perexides and in the decomposition of explosives. They initiate
polymorization and take part in oxidation veactions, The rupture of the C=il
bond in alkoxyl radicals is likely at high temperatures and {s considered to
be wost likely te oceur in mothoxv) and othoxyl radicals. ‘The wnimelocular

v

mode of ducompositivn is describod by: '

| o . 25 KCal
ethoxyl: Gl 0 =P W' + ,GH0 Aii "'"'&513“

The decompo~ ‘tiok of the alkosyl radicals via C-C bond fission vequires a
sumewhat low.r activation vacrgy. but at high temperatures the C<i bond
rupture is thought to be relatively Bore fEportant. C :

The alkyl nitrates and nitrices wodf £y the combusticy process in

Cwo prominent ways. First, as doscribed by the follewwing reactivns:  theraal
decomposition of u-propyl uitrate, the alkoxyl radical is formed:(&5)
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n—C3H7ON02 —p n—C3H70' + N02

n—C3H7

CZHS' + NO

0. —-’CH~+CH20

—» (CZH 0+ + NO) + CEHNC‘Z

2 5

C2H50~ —» CH3~ + CH20

CH3‘ + N02 —» (Cl130 + NO) + CH3N02

n-c3 70 + NO -bn-c H.ONO

7

Nitrogen diexide subsequently dissociates to NO+0. Second, the rupture
of the C~H bond in the propyl radical evelves hydrogen atoms and alkyl
vadicals, which participate in the propagation of the chain reaction.

With the exception of cthyl aitrate all the homegencous additives
tested in octene-1 increased the relative resjdence time at 1600°K and
reduced it at 1400°K. Compared te a-cctane, all the additives were about
twice as effeetive in reducing the residence time in ottene-l, It is
intoresting to note in light of this observation that aliphatie olefins
are genegally much more sensitive to Otto=Cyele engine oporating canditions
. than the corresponding pavaffin when compaxed on the basis of “kaocking"
tendeney.  The double bond in the elefins leads te either hydrogon abstraction
" which results in resonance stabilized radicals or additien to the double bend,
The course of the oxidarion reaction which insures wil} therefore be guite
different, It was not vnexpected then, that the addic;ve vifeets ware_dii-
forent in various hydrocarbon structures, .

While ease of thermal decomposition to froe radinals is ossential,
the nature of the fraguents had a very sarked {ufluches en the officiency of-
Cthe addivive, 1l is clear thav coupling bowwcen the radical fragwonts formed |

from the addicives and those originativg Frow the fuel occurs. Houed, the
effectiveness of a particular addieive wust e considercd in relation te the
~fuel in which it is te be used and the temperature at whieh it s prequived to
perform.  The somsitivity of hewoge wous additives Lo temperature in goneral
S arises from differences in the activation encrgics of the thermal deme&pos;txan
of the additives, and the ruautlvnj in uhxch they pnltl;ipﬂtn.'

The foregoing considevations smuke 1t cbvious that an atﬁncp: to
drav uscful generalizations about gl molecular structure roquired €O wipgnifi~
cantly alter the rosidence tibe in well-gtirved or highly turbulent, back
vixed cotbustion devices 35 indeed difficolt and cannot be attempred until
more quantitative data becvene available. Tie trends which have beon shrained
in the WSR study satisficd the goals for whieh the study was originated - o
‘qualitatively vank tite combustion chavacteristics of hydrecarbon fuols and
howogencous additives in a high temperatuve kinetically limited systen.
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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-1

methyl cyclohexane
4-vinyl cyclohexene
tetralin

H-MCPD

Shielldyne-H

Many other investigators, notably Zebatakis(Ae) and Carhart(47) have
shown in static as well ds dynamic tests that the long straight chain paraffins
had the lowest S.I.T. of any hydrocarbons studied. They noted that the &.I.T.
decreased as a function of the length of the straight chaln. Similar trends
were observed for the straight chain alkenes, although as a class, the §,I.T.
of alkanes were greater than an alkane of similar chain length. Cther molecular
structural effects on S.I.T. were found to be the degree of chain branching
which in the alkanes as well as the alkenes increased the §.I.T., compared to
the straight chain. The cycloparaffins hac 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 study 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°C) has been well documented and generally occurs in the following

' sequence:
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Hydrocarbon Oxidation Below 300°C

RH + 02 (initiation) R® + HOO® (endothermic)

—p
R* + 02 —p ROO*
ROO® + RH —p ROOH + R*
ROOH —» RO* + °*OH
RO or R'CH20' —» R'* + CHZO
RO®* + RH —> ROH + R°
Termination Reactions
ROO* + ROO* —»
R* + R* —_—p Non-radical products
R* + ROO* —

The oxidation reactions that are considered important. above 400°C are:

RH + *00° > R* + *00H

RH + *00H > R* + HOOD

[ ] L ] 1 ] ™Y

R* + *00H > R'CH (.!lz-HlOOll
ROOIL p  RO*+ 0
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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 C3H70N02 via the following:

C,H,0NO, —> C4Hi,0" + NO,
requires approximately 37 KCal mole"l. The subsequent dissociation of NO
to NO + 0° below 400°C is relatively slow compared to the lifetime of C_H,0'
which has been shown by Gray to be an effective catalyst for promoting low -
temperature oxidation reactions.

The experimental data obtained in the platinum catalyzed autoignitien
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 igaition promoting
effect of the n-propyl nitrate increased. This probably indicates that the
oxidation reactions of the hydrocarbons promoted by oxygen atoms wore dominant
compared to the effects of the alkoxy, peroxy and alkyl radicals.

, The possibility that thermal effects were the dominant force in
decroasing the M,AJT. of the hydrocarbons has been consideved. Table X
compares the equivalence ratio (@), heat input for the total fuel flow sec¢”
(Qin) and M.A.T. for cach hydrocarbon in the presence of the platinum catalytic
surface, The enthalpy of the inlet air was derived from its specific heat,
wass flow and temperature. ‘This quantity describes the thermal enevgy of

the air stream in the vieinity where the fuel was injected. The heat losses
through the walls of the duct were wot dotermined but since all fuels were
evaluated over the same range of tewperatures and alr wass flows, the heat
losses were nearly the same in all cases,

Considering these civeumstances the thermal effects would be
associated with the heat release rates of the various hydrocarbons. The
total heat released by the fuel was a cowbination of the slow oxidation
reaction oceuring in the air stream and the heat rvesulting from the oxidation
and/or dehydrogenation reactions or the surface of the platinum.

N Y R
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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 ratic (#) 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 oxidatisn at moderate temperatures (<400°C). 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,
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) Galculations 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 ncble metals have baen
reported by Grenleski and Falk where they measured the ignition delay times
of JP=-3 in a subsonic ramjet.(aa) 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 600-830°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-
pavaffins with small fractions of olefins and aromatics, the 5.I.T. and M.A.T.
values derived from the results of our catelytic ignitien studies indicate
that JP=5 behaves similar to n-hexane, which was shown to have a M.A.T. of
620°K for a ¢=3.0. The agreement between the autoignition temperatures
measured by Grenliski and the M,A.T. value measured in this study are in
good agreeument. This agreement may be fortuitus, but since the experimental

conditions were similar in both instances, the pre-ignition reactions should
be similar, : : ' E ' :
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D. Ignition Delays in CFS

The autoignition delays of lean (# < 0.3) hydrocarbon air mixtures
over the temperature range of 950-1250°K at one atmosphere pressure can be
approximated by the following relationship.

T=Ae B/T

where: T is the ignition delay (milliseconds) A and B are constants derived
from the experimental data. (B = Ea/R)
Ea = measured activation energy (KCal mole'l)
R = gas constant (~2 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~l. The straight
chain alkenes had average activation energles of 22.16 KCal mole-l 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 h-drocarbons. The constants, A and B derived from the experimental data
are summarized in the following table.

TABLE X1l

IGNITION DELAY CONSTANTS OF HYDROCARBONS

- ~Buel E A 3
propane -3 3
octane 1.85 x 10 9.9 x 10
tet radceane | -
octane~1 ’ : " 3
1,7~octadieone 5.2 x 10 11.08 x 10
octene~1/1,3,6~heptatrienc | = :

. 2
H-MCPD ~7 a3
cyclohexene } ,_33 x 10 17'5 x 10
Shelldyne-l  sn2x 078 20 x 10°
8 19.3x 108

Jeer o 633 x 107

103




£ ey

These relationships apply only for lean 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)('50 51)
investigators who established the definite relacionship between T and §. ’

Generally, T was reported to be inversely proportional to #. 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 ¢ from 0.135 to 0.34.(52§ The coarseness of the

atomized spiay, however, had a very pronounced ¢ffect on 7. Changing the

mean diameter of the particles from 55 to 140 microns increased T by 30 pexcent. :
The ignition delay was decreased by 25 percent when the kerosene was injected o
into the air stream as a vapor (450°C) over the same range of @. 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 360° and 460°K respectively for

lean mixtures. Foure(34) and Lezberg(35} studied fuel concentration effects

of hydrocarbors, 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, B

i ’7,“‘151?'» S50 000

From 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 ¢ >.3 while there was no noticeable effest of o
fuel concentration on T in mixtures leaner than ¢ = ,3, It appears then, ;
that the chemical reaction rates were more severely limited in lean mixtures , i
compared to vrich mixtures. :

Thermal ignition is a delicate balance between the heat gendrated
in the exothermic oxidation reactions and the heat lost through various
physical processes. When these exothermic reactions are limited, as would
be the case for lean mixtures the ignition process procceds slowly compared
to rich mixtures where abrupt and sometimes explosive ignition occurs., In
the latter case the chemical roaction rates, and hence the totpl hpat output,
are wany times grealer than the former condition,

Flame Propagation Veleocities
of Hydrocarbons

In view of the rolatively large wmagnitude of the autvignition
delay times measured in the CFS it is proper to determine what, if any,
relationship exists between the ignition delay and flame velocity of lean
hydrocarbon-air mixtures. Various investigations (56) have reported the
burning velocities of alkanes to be divectly proportional to the square of
the mixture's temperature at one atmosphere-pressure. Although the

 referonced experimental data ave for 700°K, if we make the brash assumption
that the same temperature effects exist av 1900°K, then the exirapolated
Ilame propogation velocity of lean mixtures (P <.6) of n-alkanes in air
would be about 40 feet per second. The ignition delay timoes of the alkanes
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wigsured in the CFS were typically 30-40 milliseconds at 1000°K. The
-average unreacted flow velocity under these conditions was 140-150 feet
per second. The fact that the lean alkane-air mixtures propogated 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

“for this 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; neaw 2000°K. The relationship between flame propogation
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.

‘Aﬁdifive.Effects in the CFS

. The sensitivity of additives to temperature arises in general
fyom differences in the activation energies of the thermal decomposition
of the additives and the ignition reactions which they promote. Of the
additives tested which included 1,2-dimethoxyethane, tert-butyl peroxide,
ethyl oxalate as well as a number of nitrite and nitrate esters, it was
found that by far, the most effective were the nitrogen esters.

' Tha effectiveness of these ignition promoters appears to be
large\y due to the oxides of nitrogen t.> which they thermally decompose
rather than to the. alkoxy radicals which are simultaneously produced.
This becomes: cbvicus when the cffect that nitrogen dioxide and nitric
oxide have »n ignition delays is compared with that of other additives
which yield -alkoxy radicals almost exclusively, such as polyethers and
peroxides. While these additives are to some extent effective, their
effectiv&nﬂsé in no way compares with that of the oxides of nitrogen.

It is pﬂrtinenc at this point to ascertain whethcr the decompo-
gition of these alkyl nitrates and nitrites is suffieiently rapid for them
to affect 1gni$ion delays by way of the oxides of nitrogen which they
_generate.

Th&~sativation onergics for the thermal decompesition of these
astors are sppraximately 37 Keal/mole and are essentially the same for
all alky) derivatives iun keeping with the findin§ that thermal decomposition
oveurs prineipally by scission of the =0-N bond, The decomposition
roaction ovufers very rapidly--typically in less than 1 millisecond at
1000°K.  Ax inddeated in Pigure 37 the cffeeriveness of thoe various nitrite
and ﬂitrmte oeters Is ossentially the same on a mass fraction ND cowparison,

85 mﬁght alsgo be noted that in general, unsaturated fuels are wore
regponsive to those catalysts. The presence of a double bond in the olefin
molecule leads to two important effects which are not possible in paraffing,
ramely hydrogen abstraction which results in resonance stabilized radicals
Cand addition to the double bond. ‘The course of the oxidation roaction that
leads to fgnition will therofore be quite diffevent.
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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-l 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
distinet 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-1 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 13.

A strong synergistic effect was observed when hydrogen was
added to a fuel which already contained nitric oxide. A simllar effect
was reported by Snyder(38) in shock tube studies of Ha/air mixtures which
were sensitized with NO or NO;. 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~l. This improvement in the ignition
chavacteristics of the fuel reaches a maximum when approximately 10 vel.Z 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 aitrogen as

ignition promoters. The nitrogen oxides are normally thought of as inhibitiouns

of gas phase reactions at low temperatures and concentrations. (370 The com-
plexity of the basic combustion processes coupled with an incompletely known
high temperature chemistry of those oxides make it difficult te arrive at an
unambiguous explanation for their influence on the ignition process cvoen

though it has been the topic of a number of investigatiouns.(58) 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: '

NO + Oy=——)NO, + O AR w46 keal (1)
NOpy—) NO+O0 ¥ OH = 72 keal (2)

or in some ways such as by reaction (4). Flgure 45 is a comparison of the
oxygen atom and oxides of nitrogen concentrations as a function of tiwme,
caleulated for the kinetic behavior of NO an NOy in air at 1000°K via
equations 1 and 2, '

The replacement of hydrocarbon radicals by oxygen atoms as the
lnitial chain carrviers allows the pre-ignition reactions to proceed via an

ordinary chain branching reaction rother by relatively slower degenerate
chain branching.
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It has been suggested that the role of the oxides of nitrogen(39)
is to replace a relatively inert radical like HOp 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

HO, + NO —-—ﬁ NOZ + OH AH = ~10.9 kcal/mole (3)

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, which it produces is considered. At the
high temperatures at which the present study was carried out, such a decom=-
position will occur and result in the generation of OH radicals and the
regeneration of NO to continue the cycle.

moz-_...)ou + NO (AH = =50 kcal/mole) | , )

The alternative path for the decomposition of IINO2 can be ruled out

"because of its high activation emergy.

HNOp =y H + NOp  (AH = -80 keal/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

| ‘ )
are approximately 30 Keal less endothermic than the corresponding abstraction
by oxygen. :
B + 0, ——> R+W, ' | (8)

Reaction (7) could thercfore also contribute to the case of
ignition by proeviding an casier route for the initiation veaction to occur

and by producing unoz which then becomes a source of hydroxyl radicals via
reaction (5). - ' -
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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 th=~ nitrogen esters

and the green-yellow colorationwas.characteristic of the NO + O recombination
reaction,
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SECTION VI

CONCLUSTONS

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 conditiomns
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 Hy 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 0, with Ol on an alternmate reaction leading to the production of
HNO2 which at moderately high temporatures participates in a regeneration
cycle where OH and NO are produced to continue the cycle. The synergistic
effect of Hp + 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-H and H=MCPD by mainly a
factor of 100 at 1000°K, while alkoxyl radical generating additives had
relatively minox effects in promoting ignitions in the CFS. The ignition
delay was found to be inversely proportiened to the logaritim of additive
concentration, The well known low temperature vapor phase inhlbiting
: r;?esions of the uitrogen ouidus were not observed in the range of 900-

3. In a flowing system, the platinum catalyzed vapor phase
oxidation reactions of hydrocarbons veduced thelr wminimum autoignition
- tomperatures from about 1050°K to 700-800°R for rich mixtures. lncreasing _

- the rate of tho low temperature oxidation reactions via additiva of

a=propyl nitrate to the hydrocarbon reduced the sfnimusm autoignition
temporatures of the donse fuols to 550-650°K which are approxinately the
spontancous ignition temperatures (S.I.7.) of ‘the fuula xeported in the
liturature.

In sumpary thon, the minfwmun autoignition temperatures (M.ALY.)
and igaition -delay times (1) of Shelldyne~H or H<NCPD have been reduced-
by the addition of n-propyl uitrate from 1050°K to $50-650°K and from
180 and 145 milliseconds to 2.5-3 milliseconds, tcspeccively.

The optimum €ue) blends have the physical and vheniual propertiee
quuirLd of a volumc~lin1:ud propulsiou syatuem propeliast.
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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. MHowever, since these
data are only qualitative, it is recormended that a program be instituted
to concern itself with the quantitative identification of the reactioms,
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 combustion; a worthwhile accomplishment, indeed.

Although the greatest emphasis is associated with the future
study of vapor phase heteregencous catalysis, theve ave 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 the auteiguition delay time and

the total combustion times of hydrucarbons. Although the results of this

- study showed that the ignition lags of dense hydrocarbons were reduced

by a factor of 100 at atwmospheric pressure, by the addition of howogencous
additives, it is likely that these gains would be much lower at low com
bustien pressures. The relative importance of the speed of the chemical
rieactions at low prassures < typically 0.1 atw - would be fucreased since

the combustion times were approximately iaversely proporeional to the syquare B
. of the pressure, as deterimined by Well-Stirred Reactor measuremeuts.

It 13 highly recommended that the ignttion prumoclng effocts of

- homogensous additives and heteregeneous catslysis on hydrocarbons be
studied in a low pressure, fast flow environment, which closely approximates

a subsonic ramjet. It would be premature tu attempt Lo ytudy tkcne
complex phenomina 1n auparsonlc flows at this timea
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ABSTRACT

This report presents the results of theoretical and
experimentzi 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 ‘he 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
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 presern_.ed 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 modes 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 nmode
qua.itative agreement between flame luminosity and temperature
measurements was observed whereas, for the liguid injection
mode, ho such correlation between luminosity and quantitative
measurement.s was obtained. In addition, it was found that the
performance of the vaporized heavy hydrocarbons relative to
the base fuel imprcved continuously with increasing ambient
total temperature level, whereas, in the liguid injection mode,
this improvement dgteriorated at total temperature levels above
approximately 1500 R. Possible mechanisms to explain the differ-
ence in behavior between the two wodes 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 fiying 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 volume. 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, 1000°k
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
numbex 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 under
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 mechaniams.

An attractive feature of the hamogeneous catalyst isg
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. '




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 REMARKS

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 reguired to treat flame propagation in
piloted premixed configurations and flame spreading in dif-
fusion flames. 1In addition to the analysis of these more
practical flame configurations the f£luid 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 ). 1In the
case of the nozzle recombination problem, expansion of the
equilibrium products of the following systems have been
examinad: hydrogen-air (and oxygen) (Refs.5-7 ), hydrogen-
fluorine (Refs.B8-9 ), hydrogen-fluorine-oxygen (Ref. 3 ),
and hydrocarbon-oxygen (i.e., Hz.Hzo.Co.Coz,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 these fuels as well. As a.result of




previous studies at GASL (Ref. 1¢g), 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 underge rapid thermal
cracking to yield significant quantities of C to C. hydro-
carbon radicals. Furthermore, it was demonstrated ?Ref 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. 1p may be cited, in

which experlmenﬁal 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, 1l1). That is, in endines 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 i
observed in significant quantities in these experiments :
(Ref, 1g8) will indicate the kinetic mechanism by which the
oxidation proceeds. The 31 species which are considered to be
involved are listed in Table t.
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No.
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13
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TABLE I Species Considered in the Detailed
Mechanism for the Oxidation of Propane

(Reference 7)

Species

CH,O
CH,OH

C Hg

%A Ve

Species
No.
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
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Species
C2H5 i

C H
2 4

C,H,

C2H

C2H50

C, H_OH

25

CH3CO

Cc
CH3 HO

CyH;

C2H7
CiH,
C2H5CHO
C2H5C0
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wWhen 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. Wwhen
unavailable the empirical correlation of Semenov (Ref., 20)
was used:

[

E = 11l.5 - 0.25 A.HR (exothermic reactions) (la)

E

11.5 - 0.75 A‘HR (endothermic reactions) (1b)

which is approximately valid for reactions involving radicals
such as H, CH,, and OH with a wide variety of molecules (e.d.,
derivatives o% methane, aldehydes, ethylene, propylene).

b. The elementary reaction involved the collision of
two relatively rare chemical species. Aas a result, it was
considered unlikely that the react;on 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.

wWhen 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
tak-n 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 Bq. (l). The rate constant is then expressed in the
usual form.

"k = A exp (=E/RT) (2)
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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). 1In 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,
H,) rather than to 002 and H,0. The oxidation is then com-
pieted via a more detdiled kinetic mechanism. For example,
in Reference 21, the assumed "overall" reaction is

c 20-nCO+(n+1)H2

n2ne2 T2 %2 (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:

_E __ 0 B -E/RT
q = - AC €0, e @)

where C_ and co2 are the concentrations of fuel and oxidizer,
respectgvely. E"is the apparent activation energy, A=A(p,T)
and o and B are constants. Thus, a total of 10 species
entering into 10 reactions results from the formulation.




l.

9.

lo.

C-H~0 CHEMICAL KINETIC REACTION MECHANISM

TABLE II

k_= ATb exp (-E/RT)

£ Forward
REACTION A b E/R
n m 9
—_ - — 6 1 ;5
CH +30,=3H, +c0 6 X 0 a.cl c, N FQG/R
.825 nnm "2
P
11 3
CO+0H = H+CO2 5.6 x 10 0 543 % 10
13 3
OH+H2 = Hzo+H 2,19 x 10 0 2,59 x 10
3
OH+OH = 0 + HZO 5.75 x 1.012 0 .393 x 10
O+H, = HeoH 1.74 x 10°° 0 4.75 % 10°
H+O2 = QO+OH 2.24 x 1014 0 8.45 x 103
M+O+H = OH+M 1x 1038 0 0
MHO+O = O+ 9.38 x lo0™* 0 0
M+H+H = H2+M 5 x 1015 0 0
M+H+0OH = H_O+M lx .'I.O:L7 0 0

2

Reverse reaction rate, kr‘ is obtained from kf and the equilibrium

constant, Kc’
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TABLE III
N-O CHEMICAL KINETIC REACTION MECHANISM
= ATb exp (-E/RT)

REACTION A E/R
11. = NHNO 1.36 x 0% 3.775 x 10
12, = 2.7 x 10%4 6.06 x 1.0%
13. = 9.1 x 10%% 6.43 x 0%
14, = 1.0 x 10%° 4.93 x 0%
15, = O_+N 1.55 x 10° 1.945 x 10
16. = O+N4M 2.27 x 107 7.49 x 0%
17. - 1.1 x 10'8 3.25 x 104
18, = 6.0 x 1014 5.26 x 104
19. - 1 x 10 2.27 x 10%

- Reverse reaction rate, kr' is ob_tainedfrom_kf and the

equilibrium constant, K.
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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 g
do exist between the fuels being accounted for through the
available constants in the sub-global rate equation, Eq. 4,
as determined empirically.

i e o

This technique also has potential for the simulation of g f*
the effects of additives upon the ignition and combustion :
times of a given fuel system. In terms of the effects of oo

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 pramoting 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 with o
the decomposition of the particular additives with the attend- ‘
ent "early" release of species which readily initiate the

chain carxrying 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 congtants 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. R S o : B

The application of sone 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 £luid mechanical framework is required, :
Now, the bulk of the experimental techniques employed is the . ' L
pProgram involved continuous flow devices where the fuel wag o el
injected coaxially into the flowing air stream, For the ’

~ treatment of such reacting flows a parabolic miking analysis
is appropriate and for ducted flows the describing equations
are given by: S o R o




Continuity:
Aé;ﬁr) + a(:zr) =0 | (5)
Momentum:
e Railow D -G (6)
Energy:
c pu o+ € oV 0= u~g§ (2% +
S E-X-T-R

ST AL,
+LL.£._EC‘._.£.
Sc¢ Ar ; bt .}

- T h,W,
i i (7)
Species Diffusion:
daor, do, ‘ A,
i i1 oA i S
M TV A Trow Ger s *% (e

In Egs. (5) through (8), the transport coefficients
4, Pr, 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 appropriatoe
and a variety of semiempirical “viscosity" mode.s wan and
have been implemented at GASL. The specific models '
utilized to perform the various calculations conducted

- during this program are described in the next section.

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

State:

{%

o= (9)

IQ

RT

=
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WS

1

o OO PRRL R - od g e A St




TR NN - e
also
2
H=h4+ 5 (10)
where
¥ a.h
g +i (11)
with
B=hy (12)

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

N -k—f-B N
Iy M v' M, ., = 1, =weR
i E 1 p T -— 8 ip i P - o
' )"bp i=1 - (W)
Then the production rate of the ith'Spocia is given byi
U - | : v
R o, T ip
W, ==w, £ Wy, v, n\f P n (5 L1-
: p=1 WO e Ny
o8 % Vip Vi
~k‘c;p =l . ' (19
12 )
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where

v!

ip
. (V" —vl
p 1 ip ip

T denotes the running product

k. = forward specific reaction rate constant for
reactich o
kf
kc =R = equilibrium constant
P kbp
k
_ _Ip v es .
= backward specific reaction rate constant
P kbp
Wi = molecular weight of i

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

Initial Conditions

@x=0
T = Tf(r)
osrsrw u = uf(r)
ai = ai(r)
v=20

EEATEAEI, Tt S S 1 ey N SL gt v v
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Boundary Conditions

@x =20
2
/ ‘B_u=_gu Cf/2
ar 3
' 15)
r=r { T = Tw, or & = . (X)) EX (
TCw ox B
i =0
\ ar
A
au aT i
oo =T =0 (symmetry)
r=20 ar AY ar
(le)
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 from the remain- -

ing conditions for q(x) = o since in that case, 3H/dr = 3gi/3r = 0
imply 3T/3r = 0.

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 l. These results axe
described in the next section.

14
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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 l. A variety
of fuel types have been tested including long chain paraffins
(alkanes) and olefins (alkenea), and cyclic structured fuels.
Now, a basic part of the model development involved the deter-
nination 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 l. 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 1l shows data for octane and propane along with
predictions for various assumed activation energies ( G.! ).
Here, the pre=exponential factor, a (see Table II), is'uﬁigy.
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 he well represented by a single
sub-global activation energy. '

A further evaluation of additional data on a variety of
fuel types has varified the generality 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 recommended values for the pre-exponential factors,

a, and thée activation energy, EQ . wore determined as
follows: '

.G,
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T (MILLISECONDS )

T(%K)

T AT R R e

. 1667 1428 1250 1111 1000 909
100 1 T ] T I
++
xx X
+ -
10 L % i
EQG = 23.0
+
100 i -
Eqg =13.74
0.1 |- -
+ CONHN’UOUS FLOW OCTANE DATA
X CONT‘NUOUS FLOW PROPANE DATA
.01 I \ o L |
0.5 0.6 0.7 0.8 0.9 1.0 1.1
103 ,
(%)
FIGURE 1 EFFECTS OF VARYING THE QUASI-GLOBAL

ACTIVATION ENERGY (EQG)' UPON IGNITION DELAY
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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. 1Initially, 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, Pigure 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 temperatureis reduced. These trends are identical with
those observed with the actual additives, Reference l. 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 1l 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 diffrrence in performance as a
consequenve of the selection of the free radical simulator a
cnmparison 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 even
at the larger concentration levels. This comparison implies that
the choice of effective additive is not a crucial consideration
“in establishing the utility of the basic simulation technique,

18
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Now, Figures 6, 7 and 8 show some direct comparisons of
theory with experimental data involving various additives. 1In
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 refinement 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 energy. This
control permits both translation and rotation of the predicted
ignition delay curve guch that the straight line, T_._. vs. l/7,
data can be predicted more precisely for any given igel/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 T1p data for each
fuel system.

3. TWO DIMENSIONAL EFFECTS

The various comparisons described ahove 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. Purthermore, 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 pesults in increased residence times near the wall com-
pare” with the bulk of the flow. To assess potential effects
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of this residence variation with the attendant result'of early '
ignition occuring at the wall a study was made using the- full g
mixing and combustion analysis described in Section II. In’
carrying out this analysis turbulent mixing and the adiabatic
wall condition were assuméd to prevail. The eddy viscosity in
the near (potential core) region was taken to be
B = .0004 p_ x(ug - ue)
while in the fully developel region the eddy viscosity repre-
sentation was

B = .018 ry (pu)g

where )e denotes the local values in the outer stream. (g,
denoted centerline values and the quantity r, represents the
radial distance corresponding to the point wliere the mass flux
pu takes on its average value. fTypjcal results are shown in
Figures 9 through ll 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 3 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. This is also noted in Figure 1l

in connection with the growth and develcpment of the major
species, €0, and i,0. Finally, Figure 12 shows the develop=-
ment of the axial temperature distributions along the wall
and centerline compared with the inviscid, one-dimensional
thoory. Although there is some difforence it is not suf~
ficiont to be detected experamentally.

These results explain the consistency and generally

“eXcellent agreament that was obtained for the ignition delay

comparisons presented earlier in this secction. Namely, the
behavior is predicted strictly on kinctic grounds rather than
upon couplcd £luid mouhan;cal/chcmxcal kinetics effects.

In summary the analysis has been shown to pradxgt 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 relatively
gimple quasi-global mechanism. Finally, an evaluation of two-
dimensional effects has shown that the Esso Dynamic Flow
Facility does provide an effective premxxed. ona dzmensxonal
ad;ahat;c flow. . :
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EXPERIMENTAL ASPECTS

1. INTRODUCTQRY 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 axisymmetric Madh 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 liquiad
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
pyrolgsis 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. 1In 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. 1In the
ensuing dicussion these two distinct test configurations will
be referred to as "aAxial" and "2-D" for the sake of brevity.

Another important difference between the two types of
‘testg 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. rhese
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. wWithin each of these individual sections, the
axial results are presented first followed by the correspond-
ing ones for the Z-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 (Tt ).
Mach number (Ma) and static o
pressure (pd), where ( )a,denotes conditions
occurring at the respective nozzle exits.

o Main fuel type (including percent additive),
mass flow rate (m_.), total temperature (Tt )
and exit Mach number (Mf) or exit £
velocity (Vf).

o Pilot gas equivalence ratio (o_), mass flow

rate (m ), and exit Mach numbe® {M ). Note
that sice the pilot reactants forfall tests
are oxygen-ethylene ¢_ is related to the O/F
ratio by ¢ = 3.429/(8/F) .

Derivable from these data are certain other parameters of
interest including total air mass flow (ih_ ), glotal equiv-
alence ratio (o, ), pilot adiabatic flame @emperature (Tt )
and pilot to fuel mass flow ratio_(ﬂaﬁﬁ/ﬁf ). : P

The overall range of these marameters for both the
axial and 2«D tests are given L» Table IV . The specific
conditions for the individual . sts as well as the manner
in which these were determined experimentally are dis-
cussed in subsequent sections.

3, EXPERIMENTAL APPARATUS
a. Axial Rig

As may be seen in Figures 13 (a) and 14
the majoxr ccmponents of this set-up include

©  High temperature air source
o wind tunnel nozzle
©  Pilot gas denerator

i bt v A a————— : i




TABLE 1V

OVERALL RANGE OF ENVIRONMENTAL CONDITIONS

RANGE
PARAMETER AXIAL . 2-D
L 1.5 2.0
T, (°R) 530~2730 490-2530
[--]
Pelatm) . .96-1,07 .69-.99
- S
Fuel Type . neat Propane . neat Hexane
. neat Hexane . neat Shelldyne-H
. neat Shelldyne-H « nedt H-MCPD
+ Shelldyne-H + 15% . Shelldyne-H + 15%
n-propyl nitrate n-propyl nitrate
« H=-MCPD + 15%
n-propyl nitrate
&ﬁ\f (pps) .032-,048 .071-,180
7. (°R) 910-1230 530
£
e 1.0 -
vf(ﬁ:s) - 30-70
0
p ’17‘03a .166-.189
, (ppa) - | .0043-.0135. ' .0051=.0164
M 1.0 1.0
p . )
Q’T ‘065".332 -045"‘. 1\76
T, R | 38304890 | s00-4040
P .
8 119,415 081,232
Rotes:

1, For the 2-D tests N - = 1,0 uorrespondu to conditions ot thse pilot orifice
where d* « .086 inches, R

2. PFor the 2-D tests the walues of P, 30padring here and in Tables vt and vII
correspond to readinga cbtained at pressuro up Ko. 4 whose location is
given in Table vy

3. The values of Vf have becen estimated from the moasured nass flow rates
by using a discharge coefficiunt for the fuel orifices of cu = 0,60.




(o} 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 3300°R and
500 psia, respectively. The dry air is obtained from a
1000 £t3 - 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 noz2zle which expands
the working fluid to supersonic velocity is formed by a
~ contoured center body aligned concentrically within a
noninally 3 inch diameter constant area duct. This center
body is supported by a structure located upstream of the
tunnel throat within wl.ich the pilot gas generator is also
‘housed. As may be seen in Figure 14 , 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-pilot configuration itself will be described later
in Section Iv-6. The minimum area of the wind tunnel nozzle
corresponds to an annuius of 3 inches 0.D. by 1.35 inches
1.D. The corresponding values at the exit (located 4.5
‘inches downstream of the throat) are 3 inches 0.D. by .604
inches I.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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. 1
would correspond to a Mach number of approximately 1.53.

With vitiation, of course, Ygvaries 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
H in the center body support consists of a small mixing chamber

o (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 cambustible

mixture then expands into the 0.25 inch diameter tube and

is ignited by an aircraft-type spark plug. 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 pressure,equivelence ratio and
adiabatic flame temperature is shown in Figures 17 and 1% 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 fuel
was stored in a high pressure supply bottle with a volunetrie
capacity of approximately 0.28 ft.3, a regulated high pres-
sure nitrogen source was used to drive the fuel from this
~bottle and through the vaporizer coils which were immersed in
a liguid salt bath maintained at the desired temperature. The
“heat exchange mediwn utilized in this vaporizer was a commer-
cially available mixture of inorganic salts specifically design-
ed for this application. It is referred to as HITEC heat tran-
~ sfer salt and is manufactured by DuPont of Wilmington, Deleware.
Heating of the salt bath is by means of six 1000 watt electrical.

l. In these considerations displacement thickness effects
have been neglected since for the condition under which
these tests were conducted the displacement thickness at

the oxit is estimated to be on the oxder of .0l5 inches..
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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
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.

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 3600°R) and total pressure (up to 600 psi)
are concerned., 1In 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
Bxit: 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 ¥=l.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
noninally 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 provideg 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 Throat In Inches QOrientation
Pressure Tap Number
110 10.1 B
111 11,1 ]
112 12,1 B
113 13.1 B
1 14.25 B
2 15.25 ]
3 16,25 ]
4 17,25 B
S 18.37 .}
10 22.73 F
11 22.7% D
12 22,13 E
13 23,63 E
14 24,63 14
15 25.68) B
16 26.63 E
17 27.63 3
18 28.6) B
19 29,63
21 31.63 B
22 32.63 e
2) 3.6) 4
24 34.6) 5
25 35.7% E
26 22,13 A
27 23.1) c
20 24.13 A
29 25,13 (o
30 26,5 A
3l 27,4 [
32 23,12 A
33 29,13 ¢
34 30.13 A
35 31,13 ¢
k1Y 32.1) A
37 33.13 [+
k] 34,03 A
39 35.13 [
40 36.13 A
Nozzle Exit 20.0
Strut teading Edge 26,2
Leading Edge of First Window 26,37
Leading Edge of Second Window 31.1)
Test Duct Exit 38.0
A B C
; il i
L)
fhh
KFEY TO PRESSURE * D . View Of Test
TAP_ORIENTATION ' Duct Looking
Upstream
8
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the test duct. A schematic of this device showing pertinent
dimensions is shown in Figure 21. 1In 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 PFigures 17, 6 and 22,

(5) Injector Strut

_ The injecter 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 7-10° 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 .03l 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
leading edge.
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The fuel plenum is supplied by means of a 0.25
inch 0.D. by 0.180 inch I,). stainlesg 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 Stagnaticn and static pressures
assveiated with standard gas venturi
meters monitoring mass flow of tunnel
air, tunnel oxygen, tunnel hydrogen,
pilot ethylene, pilot oxyyen.

o Stagnation and static pressire asso-
ciated with a cavitating venturi
meter used to monitor the fuel flow
rate, This device, which is manu- .
factured by the Fox Valve Develop- T
‘ment Co., Inc. of Mountain lakes, '
New Jersey, is desigued to reduce
pressures within the venturi below
supercritical values causing cavite
ation and effectively providing a
chocked orifice (io,: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 prassure and the vapor
pressure of the particular liguid fuel.
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(o} Stagnation pressure in the wind tunnel
settllng chamber (ptqg), the pilot gas

generator mixing chamber (p p) and in
the main fuel line (ptf)

o Static pressure at the nozzle exit.

o Stagnation temperature in the wind

tunnel settling chamber (Ttm) and
in the main fuel line (th)

o . Radjal 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 systmw.“.

The pressures wore sensed by Statham prermire cransw
ducers of appropriate range and their analog saunals were
- rocorded on Minneapolis-Honecywell Model 1508 visicorders
via Model 658 Sanborn amplifiers., The temperature sensors
wore either chromel-alumel or Pt-pe/l0% RH thermecouples
and recorded in the samo mannor as the preasures.

The camera eguipnent utilized included a Crown Graph

~lox camera. with Polaroid back for the stills and a Bolex
_ H-16 Rex 16 mm motion picture camera., The films utilized
wore Polaroid Type 48 and Kodak Ektachrome No, 7242 res-
pectively. To obtain the pitet and total tomperature:
surveys the rake shown in Pigure 24 was used. fThis pake
was mounted on a DC motor driven traverse mochanism part
of which can be secen, for example, in the photogrgaph shown
as PFigure 27%y.During any given run the rake was slowly
traversed (~0.5 ips) through the vertical plane of symmetry
of the jet with the anmalog signals from the pitot and total
temperature probés recorded continuously. The position of

3. The point where p, . and T pe Were moasured is denoted
as Station A in Figure 14.
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the rake was determined at each ingtant 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
0.D, sheathed thermocouple wire (trade name CERAMQO 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 environment to which.the probe is exposed.

b. 2=D Tests

Data retrieval durxng a typical 2-D test in-'
cluded the following items.

-0 Stagnation and statiec pressures associ-
© .ated with standard gas venturi meters
. monitoring the mass flow of tunnel air,
oxygen and hydrogen, and pilot ethylere
and oxygen. o

o  Stagnation and static pressure associ- -
'~ ated 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 haad end of this hothle
was also. monxtored, R
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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 pressurz recorded on the high pre-
ssure side of the cavitating venturi.

Recording of these data was identical with that =z
the axial tests except that the static pressure data in the

nozzle and test duct were sensed by a single 0~50 psia trana~;

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 axial tests and the tests were\alsp:mvnitor&d
visually via the ™ 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.

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

o Actuate probe traverse mechanism.

o  Shutdown and purge all systeas,

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

rﬁhVQJtraversing had been initiated.

o with the except;on of tunnel air the flow of all fluids
s{;was established by means of quick aeting, remotely actuated
-/solenoid valves. The flow rates were controlled by pre-

':.55;53 ting of regulators in accordance with pro-established

ﬁjpalibyation curves., The air

R, flow wes controlled manuvally by means of a Fisher Air valve
- (Fishet Governor Co., Marshalltown, Iowa), the desired flow

rate being established by monitoring the high pressure side
of tha air venturi. Steady state tunnel operation was also
verified by monitoring T, ona strip chart recorder. =
A : P . o o

PV
P
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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 2 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. 1In 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

The test run log of axial tests is presented

in Table Vi . As will be noted this series begins with Run
No. 36, corresponding to the first test in which ignition.
and combustion of the main fuel was successfully achiewved.
~ 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 -
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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 heing rasponsible
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 hexane as thg main
fuel and with air total temperatures as high as 3600"R. Ne
combustion was achieved except when a blunt body was intro-
" duced downstrean 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 upstrcam of the blunt
probe despite the fact that the injector itself is glowing
charry red due to the combined cffects of the hot fuel
(7, ~ 1300°R)and the elevated air temperature (Ty™ 3000°R) .

£
The correspond;ng conditions for the pilot gas were o =0,36
(T ~ 5000 °R) and mp = .035 pps. P

P
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(2) Run No. 28
Flow is from
right to left.

o
T, 3000 R

[~-]

o)
T = 1300
t R

m = .035 S
P pp

B= .70

{b) Run No. 36
- Plow is from
left to right.
v = 2730°R
@, = 1110°R

o = .32

m, = L0123 pye

 § = .323

Figure 25 COMPARISON OF FLAME CHARACTERISIICS
o © FOR THE ORIGINAL AND MODIFIED INJECTOR
CONFIGURATIONS
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At this point in the program it was determined that
modifications to the injecter-pilot configuration would be
required to facilitate ignition and combustion in the free
jet. The rationale for the change was as follows: provide
a higher temperature ignition source; improve the mixing
between the main fuel and the main stream air. As indicated
in inset B of Figure 14 this was accomplished by dividing the
total flew of main fuel into two parts one of which (approx-
imately 25%) was allowed to come into contact with the ig-
nition sourse 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
point somewhat downstream of the exit of the pilot jet. (The
fuel tubes are ~.94 inches long). - -

‘With this arrangement no difficulty whatsocever was
encountered in initiating combustion. Figure 25 (b) shows the
flame pattern obtained on the first test made using this
configuration, - - o i ' -

A comparison of Figures 25 (a) and 25 (b) indicates in a

i striking way the officacy of this modification particularly -
~ 1if one-alse notes that, in terms of the respective environ- - -
mental parameters (i.e.:;mt + T, o .@ke, ), the conditious
- of Run No. 36 are definitely-inferior insofar as combustion
enhancement potential is concerned, relative to Run No., 28.

The improved performance obtained with this modificaw
. tion can be attributed to the development of a higher temp-
' evature ignition source by virtue of the smiller amount of
main fuel reacting with the free “sygen in the gas genarator
‘effluent plus the enhancad mixing of the remaining fuel witlh-
~'the tunnel air, thereby providing improved fuelwair ratio
‘distribution, T . LR
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b. Vaporizer Performance

In Figure 26 the performance of the
vaporizer is characterized in terms of the stagnation con-
ditions occurring at Station A as defined in Figure 14.

The values of P, Vs. Tt for the various fuels are compared

f £
with their respective vapor pressure curves4. As may be
noted, in virtually all cases the data lies on the vapor side
of the curves. 8Since the fuels are subjected to additional
heating between this peint and the injector station, as well
3s a reduction in pressure, it would appear that all the fuels .
can be considered to be naninally vaporized at the po;nt of in» -
jection. » '

€.  Relative Fual Perforinance Based on
Photographxc Lata

In Figures ~ 27 apnd 28 the relatxve perfar- LR
mance of the various fuel systons ara indicated gualitatively .
by comparison of the flame patterns obtained photographxcally.
These figures represent black and- wh;te :aproductmons of the
'nriglna colo: photogxaphs. " S , :

The ccmpurisan in Figura 27 uor:espaaas o amhient
.. temperature main air flow and further demonstyates the efficacy
~ of the piloting technigue. Recall that the static temperature
. of the supersenic air at the injector statiels is on the order
“of only 370°n. with a narrespand;ng velocity of 1400 fps.

- These photagxaphs &lsc 1rd1c1te,ratﬁer clear*v,the
“tavorab&a effoct of the additive insofar as combustien enhanca-
- mont 13 ccncernud It is anpareut. for eaampze, that’ the fhmne

4. The vapor pt ssure curve to which the neat Shelldyne-H

and Shelldynie-# + 25% nepropyl nitrate results are compared

actually correspon&s to data for Shelldyne as provided by the

Shell bDevelopment Company. Data for Shelldyne-H with or with-
- out additive is not available.
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Propane

Hexane

Neat Shelldyne-H ’ :
Shelldyne -4 + 25% n-Propyl Nitrate
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Figure 26 - PERFORMANCE OF FUEL VAPORIZER
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Figure 27

AR e e G R i

(a) Run No. 49
Fuel:propane

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

(¢) Run No. 59
Fuel:Shelldyne-H
+25% n-propyl nitrate

RELATIVE PERFORMANCE OF SEVERAL FUEL
SYSTEMS AT AMBIENT TEMPERATURE
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Figure 28

e T N
L . - e b s el ———mwg
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(2) Run No. 48
Fuel:propane

(b) Run No. 58
Fuel:neat Shelldyne-H

RELATIVE PERFORMANCE OF PROPANE
AND NEAT-SHELLDYNE-H AT ELEVATED
TEMPERATURE '

66




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 ¢ 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 nreat 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 T, as can be seen by comparing Figures 28 (a) and

28 (b), = 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. 1In Figure 29, for example, the
effect of varying the pilot flow rate is demonstrated. 1It is
apparent that at the lower value of B rapid quenching of the
flame occurs due to mixing of the hot gases with the cold
ambient air.
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Figure 29

(a) Run No. 59

B = .369

(b} Run No. 6l

B = .119

EFFECT OF PILOT FLOW RATE ON
COMBUSTION OF SHELLDYNE-H + 25%
N-PROPYL NITRATE AT AMBIENT
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 . 1In this
case the flame zones are virtually identical despite sub-
stantial differences in ¢ and T, . The practical implica-
tions of this result is tp clear; i.e.: trade-offs
betwzen 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.
wWith 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 va lues obtained
for Runs 42 and 43. 1In both cases (Run 4§ @gf 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,

5. 1t should also be noted here that the value of Tt ma
for Run No. 42 was obtained at the 12,5° survey station ¥hich

implies even higher performance relative to Run No. 43,
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PICRPES

gka) Run No. 45

'1‘t = 910°R
£

(b} Run No. 48

p = 2070°R
te

Figure 30 EFFECT OF FUEL TEMPERATURE ON
COMBUSTION OF PROPANE AT ELEVATED
TEMPERATURE
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(@) Run No. 47

.25

S
I

9300R

5
]

w - 0.17
T, = 1100°R
t
£
Figure. 3) ~ COMBINED EFFECT OF PIIOT EQUIVALENCE

J RATIO AND FUEL TEMPERATURE ON C(MBUSTION
" OF PROPANE AT AMBIENT TEMPERATURE
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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 T
for Run No. 47 is significantly higher it would appear °f
that the more energetic pilot (¢ = .25 vs. ¢ = 1l.7) has more
than compensated for the lower el temperatuge. A similar
situation prevails between Runs 44, 46 and 48 vhere the
effect of pilot equivalence ratio can be seen to cause a
monotonic decrease in Tt max independent of fual temperature
variation.

Of more pertinence to the present discussicn is the
pexforn ace 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
cccurs in the range .17 s ¢ < ,32, We note also that
the qualitative behavior reBresented 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 Pigure 36 confirm the previous conclusions: i.e.: at ambient
temperature the performance of the Shelldyne-H/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). ‘ :

e. Sumnmary

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

o At ambient tenperature levels the
performance of neat Shelldyne-H is
clearly inferior to both propane and
the Shelldyne-H/additive system. On

7
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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
were to also prevail for the Shell-~
dyne-H/additive system it is apparent
that at scram burner conditions (i.e.

T, max "~ 2000°R) its performance would

be superior to that of propane.

7. 2-D RESULTS
a. Preliminary Remarks

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

In principal, such a procedure resnlts 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 combustxon
performance.

Obviously. it is inherent in this procedure that,
in most cases, very low coambustion efficiencies will be in-
volved. 1In 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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O Combustion Achieved

O No Cambustion

Estimated Ignition Limit

Auto Ignition

a

Figure 37

IDEALIZED GRAPH SHOWING
DETERMINATION OF IGNITION
LIMITS FOR A TYPICAL FUEL
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e A

injection and ignition of the main fuel. 1In particular, the
absence of any sigrificant changes can be utilized as a quan-
titative criterion for establishing the desired ignition limits.
This was the procedure utilized in the present investiga*ion

as will be discussed in detail below.

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

mp cannot be reduczd to arbitrarily small values since accurate

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 mf.

Since both of these are varied, slight changes in
the aerodynamic configuration will occur as R is varied due to
corresponding charges in the injection velocity Vv_. Aas an
exanmple, consider the data given for Runs 74 and ?5 in Table
VII, which represents the log of test runs conducted for the
2-D test series. As may be noted, R was roughly doubled be-
tween these runs by increasing m_ from .0092 to ,0163 pps
while simultaneously reducing m Pfrom .127 to .112 pps. As
a result, the ratio of v betwegn 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 R, 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 patter n downstream of the
test duct. These probably correspond to shock-induced local-
ized combustion due to compression waves 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 Ne. 77
(H-MCPD/additive) with the hexane performance {Rur No. 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 reacctive then the base fuel (Run 84)

at nominally identical environmental conditions. Neverthe-~
less, the pressure data which will be presgented 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. 1In this case
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Figure 38

(a) Run No. 77

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

(b) Run No. 80

Fuel: Hexane

(¢) Run No. 90

l: Neat Shelldyne

COMPARISON OF FLAME PATTERNS
OBSERVED WITH VARIOUS FUEL
SYSTEMS AT INTERMEDIATE
TEMPERATURE LEVEL
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(a) Run No. 84

Fuel: Hexane

(b) Run No. 86

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

COMPARISON OF FLAME PATTERNS
OBSERVED WITH HEXANE AND
SHELLDYNE~H/ADDITIVE 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-MCPD
+ 15% n-propyl nitrate

Figure 40 -~ COMPARISON OF FLAME PATTERNS OBSERVED
WITH SHELLDYNE-H/ADDITIVE AND H-MCPLR/
ADDITIVE AT HIGH TEMPERATURE LEVEL
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the comparison is between the SQelldyne/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
fuel, i.e., its high carbon-hydrogen ratio. Fowever, 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 liguid 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
asksd 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. PFirst 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 Soot formation. Finally, vaporization of the fuel
prior to initiation of combustion tends to suppress soot formation
by virtue of thecracking 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-H proper but a mixtura 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 was inadvertently left open diriny the former
run. '




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 wvirtually 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 . 1In each cage the static
pressures have been normalized with respect to the tunnel
stagnation pressure p,___and plotted with respect to axial dis-

(2]
tance measured from the 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 thege 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" 7 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 regaxrding the unreliability of the
photographs which were obtained.

Consider, for example, the comparison which had
been shown in Figure 38. Based on these photographs it would
have been anticipated that 7 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 7 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 7 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 interaest
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are as follows. At low temperature (~ 500°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 R) 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
level (1900-2500 R) the superiority of Shelldyne-H with ad-
ditive relative to the bage 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
opposite trend was observed in the axial tests.* ope possible

mechanism for that effect can be postulated in terms of a trade-
off between the vaporization and cambustion 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
menotonic 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.

* Tt 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

R (~ ,07) continues to improve with increasing temperature as
may be seen by comparing the respective values of # cbtained in
Runs 66, 67, 74 and 86,
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