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Autoignition of Kerosene by Decomposed Hydrogen Peroxide
in a Dump-Combustor Configuration

J. C. Sisco,* B. L. Austin," J. S. Mok,* and W. E. Anderson*
Purdue University, West Lafayette, Indiana 47907

In staged-bipropellant rocket combustors that use decomposed hydrogen peroxide as the oxidizer, a liquid fuel is
injected into the hot decomposition products comprising oxygen and water vapor. For a well-designed combustor,
the oxidizer is at a sufficiently high temperature to vaporize and to autoignite the liquid fuel; however, experimental
autoignition data in key chamber contraction ratio and propellant equivalence ratio ranges are missing. In this study
a transverse injector was used in a dump-combustor configuration to investigate the autoignition characteristics
of JP-8 in decomposed hydrogen peroxide, specifically fuel-rich autoignition limits at contraction ratios less than
6 and with high hydrogen peroxide concentrations. The chamber contraction ratio was varied between 3 and 5
to evaluate the effects of chamber gas Mach number (0.45 and 0.27), and the hydrogen peroxide concentration
was varied from 85 to 98% by weight to evaluate the effects of oxidizer temperature. Three regimes were noted:
strong, weak, and no autoignition. Chamber pressure oscillations with a dominant frequency between 27 and
47 Hz occurred in the weak-autoignition regime. Results showed that as hydrogen peroxide concentration and/or
contraction ratio was increased the equivalence ratio that defined the autoignition boundary increased as well. At a
contraction ratio of 3.0, no autoignition was achieved at equivalence ratios of 1.37 and above using 85% hydrogen
peroxide, but with 98% hydrogen peroxide autoignition occurred at an equivalence ratio as high as 2.06. When
the contraction ratio was increased to 5.0, autoignition was achieved at an equivalence ratio of 1.38 using 85%
hydrogen peroxide. These data provide a starting point for the development of an accurate autoignition model and
an empirical basis for the design of efficient combustors.
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c2 = chamber (second axial location)
d = decomposition
fu_.inj = entrance to fuel injector manifold
f = fuel
8 = gas
in = inlet (entering rearward-facing step)
o = orifice
opt = optimum
st = rearward-facing step
th throat
Introduction

IPROPELLANT chemical propulsion systems that use hydro-

gen peroxide, H,O,, as the oxidizer and a liquid hydrocarbon
fuel are suitable for a variety of applications.! Although this pro-
pellant combination is one of the oldest in modern rocketry, with
a history extending back to World War II, there is a lack of basic
understanding particularly with respect to the injector. The injector
design is key because it controls the performance and heat trans-
fer characteristics of the combustor as well as whether combustion
instabilities will occur.

These bipropellant systems either deliver the peroxide as a liquid
directly into the combustion chamber or catalytically decompose the
peroxide before its injection into the main combustion chamber; all
systems that have flown have used the latter method, whereby a cat-
alyst bed is used to decompose the peroxide into a high-temperature
oxidizing gas mixture of oxygen and steam. A number of benefits
result from this approach. Simpler injection systems are possible,
because fuel only is injected at the downstream location, and the
high momentum of the gas stream rapidly atomizes the liquid fuel.
Another beneficial result is that the temperature of the oxidizer is
higher than the autoignition temperature of the fuel; thus, a separate
ignition system can be eliminated.

However, a few challenges do exist with these types of combus-
tors. The injector and combustor designs must ensure the appropri-
ate flow conditions for ignition and flame holding. Also, because
the optimal theoretical performance of the peroxide/kerosene pro-
pellant combination is at an oxidizer-to-fuel (O/F) mass ratio of
about 8 (depending on the peroxide concentration that is used), it is
difficult to completely mix the relatively small amount of fuel with
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Table 1 Summary of operating parameters of some of the past staged-bipropellant combustors
using hydrogen peroxide and kerosene-based fuels

Walder and Upper stage
Parameter ~ Broughton? Gamma>* LR-40° Wu et al.® flight experiment’ Muss et al.3
W (%) 80 85 90 85 90 90
Fuel Kerosene Kerosene JP-5 JP-8 JP-8 JP-8
¢ 0.95 1.04 1.14 0.94 1.70 1.34
CR 6.5 7.7 >10.0 7.1 7.1 53

Table 2 Comparison between catalyst beds used during testing;
design operating conditions and geometry are indicated

Catalyst bed CB-1 CB-2
H,0O; concentration Up to 92% Up to 98%
Mass flow rate, kg/s (Ibm/s) 1.14 (2.50) 1.14 (2.50)
Bed loading, g/cm? - s (Ibm/in? - s) 27 (0.38) 56 (0.80)
Internal diameter, cm (in.) 7.4 (2.9) 5.1 (2.0)
Exit diameter, cm (in.) 7.4(2.9) 4.4 (1.8)

the oxidizer. The design of the injector/combustor must promote
both autoignition and good mixing.

Historically, successful autoignition was achieved by using rel-
atively high chamber contraction ratios (CRs; A./Ag), typically
around 7, compared to more typical CRs of 2 to 3 for most bipropel-
lant systems. The CR is defined as the ratio of the chamber cross-
sectional area to that of the throat. Table 1 summarizes combustor
design parameters from a number of past systems.>~® The higher
CR allows lower chamber flow Mach numbers and longer residence
times for ignition. The high CRs, of course, result in heavier com-
bustors and greater chamber wall surface areas that must be cooled
and also increase the physical envelope that must be accommodated.
More data are needed regarding the effect of CR on autoignition at
high H,O, concentrations, specifically at CRs less than 6.

This paper presents results from an investigation of the effects
of hydrogen peroxide concentration (85-98% by weight), chamber
CR (3 and 5), and equivalence ratio (1.4-2.8) on the autoignition
of JP-8 fuel in decomposed H,O,. The fluid mechanics of trans-
verse injectors are discussed as well as the basics of autoignition.
A summary of past data concerning the autoignition of kerosene
fuel in air and decomposed hydrogen peroxide is presented, and
a flame stability model is outlined for a dump combustor. Finally,
an autoignition experiment and analysis procedure is described and
results are given.

Each test outcome could be broken down into three regimes:
strong, weak, and no autoignition. Those tests classified in the weak-
autoignition regime contained significant chamber pressure oscilla-
tions with dominant frequencies between 27 and 47 Hz. Results
showed that as hydrogen peroxide concentration and/or CR were
increased the equivalence ratio defining the autoignition boundary
increased as well in agreement with past kerosene autoignition data.

Approach

The staged combustor used during autoignition testing was
originally designed for use in a rocket-based combined cycle
application.” To expand the operating range of the combustor in
terms of H,O, concentration two catalyst beds were used. These
were designated catalyst bed 1 (CB-1), which was used in the origi-
nal combustor design, and catalyst bed 2 (CB-2). The design operat-
ing parameters of each bed are summarized in Table 2. Because the
catalyst beds have different exit geometries, two different combustor
assemblies were used during the course of autoignition testing. A
schematic of each combustor assembly, indicating the positions of
pressure transducers and thermocouples, is shown in Fig. 1. Each as-
sembly was composed of a catalyst bed, mating hardware, transverse
injector assembly, fuel film injector assembly (fuel film cooling was
not used during autoignition testing), combustion chamber, and noz-
zle. A modular throat allowed for variation in chamber contraction
ratio.

Four grounded type-K thermocouples, made by Omega Engi-
neering, Inc., were used in the combustion chamber to withstand

the high temperatures present there. The probe of each thermocou-
ple was encased in a stainless steel sheath that allows operation up to
1255 K (1800°F). These probes were positioned flush with the inner
chamber wall and spaced equally along the length of the chamber
to measure the temperature profile in the combustor. Immediately
downstream of each catalyst bed an exposed thermocouple was po-
sitioned such that the probe was at the centerline of the duct. This
thermocouple was used to measure the hydrogen peroxide decom-
position temperature. Three Druck pressure transducers [20.7 MPa
(3000 psia) max +0.05 MPa (£7.5 psia) accuracy] were used in
each engine assembly. The transducer at the first axial position in
the chamber section measured the conditions in the recirculation
zone behind the rearward-facing step. This step will be discussed in
further detail in the next section. A thermocouple was also surface-
welded to the outer wall of CB-1 to monitor its temperature.

The combustion chamber and nozzle were made of copper be-
cause of its high thermal diffusivity. The chamber had an inner
diameter of 6.5 cm (2.56 in.) and was 19.6 cm (7.7 in.) in length
from the edge of the rearward-facing step to the beginning of the
nozzle contraction. Three nozzles were available at CRs of 3.0, 5.0,
and 6.5 setting the L* at 61, 102, and 135 cm (24, 40, and 53 in.),
respectively. Characteristic length L* is defined as the ratio of the
chamber internal volume, from the edge of the rearward-facing step
to the plane of the nozzle throat, to the nozzle throat cross-sectional
area. All injector hardware including the rearward-facing step was
fabricated from stainless steel (SS 304). Viton O-rings were used
to seal most of the interfaces between combustor hardware. This
material is compatible with hydrogen peroxide and has a maximum
operating temperature of 480 K (400°F). Pressure-filled stainless
steel O-rings were used for sealing between the catalyst beds and
their mating pieces. These O-rings were specified by the catalyst
bed manufacturers.

Injector Design

A typical transverse, or crossflow, injector was used in this study
and is shown schematically in Figs. 1 and 2. In this setup multiple
jets of liquid (kerosene fuel in this case) are injected normal to the
high-temperature, subsonic, decomposed hydrogen peroxide flow.
Drag forces are exerted on the liquid jet by the gas, deflecting the
liquid and changing its trajectory. A rearward step (increase in cham-
ber diameter) is found downstream of the fuel injection point. The
transverse injector was chosen for this study because it is well under-
stood from the design standpoint. Correlations can be employed to
create trajectory predictions, and orifice design requires little com-
putational effort. Good atomization can also be achieved with the
injector, but flame holding becomes an important issue due to the
high gas velocity. To overcome this, bluff-body flame stabilization
is often used, such as a rearward step in this particular design. In
high-temperature combustors, fuel film wall cooling is commonly
used in tandem with this injector to keep wall temperatures low.’
This also adds complexity to the combustor design and in some
cases will react with the core flow.® Fuel film cooling was neither
used nor required in this study because the tests were limited to ap-
proximately 1 s in duration. A detailed discussion on the transverse
injector design used in this study can be found in Refs. 10 and 11.
The focus of this paper is on the influence of flame stabilization and
fuel-jet trajectory on autoignition.

Flame Holding
To enhance the performance of the combustor used in this study
a rearward-facing step was included in the design to provide flame
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Fig. 1 Comparison of combustor assemblies using a) CB-1 and b) CB-
2; axial locations of instrumentation are indicated in schematic.

holding downstream of the transverse injector. This type of con-
figuration is commonly referred to as a dump combustor. The
rearward-facing step plays an important role in not only anchoring
the flame but also in autoignition. A turbulent shear layer is created
between the freestream flow and the recirculating flow behind the
step. This shear layer contains large-scale turbulent eddies, and if
given sufficient time to do so the propellant mixture contained in
these hot eddies can autoignite.'> Once autoignition has taken place
the recirculating combustion products feed the incoming mixture of
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Fig. 2 Schematic of transverse injector in a dump-combustor config-
uration.

fuel vapor and decomposed gases to sustain the reaction and anchor
the flame.

The rearward-facing step used in this study was sized to maxi-
mize the turbulent mixing time, which is usually taken to be equal
to the characteristic breakdown time of the eddies.'? Knowledge of
the characteristic length scale of the turbulent eddies is required to
determine the breakdown time, and experimental results have shown
that this length scale is equal to the width of the flameholder.'? For
this step configuration, the flameholder width is equal to twice the
height of the rearward-facing step. The shear layer characteristic
time can then be written as

g =2h/V, (1)

From continuity the gas velocity at the edge of the rearward-facing
step is dependent on mass flow rate, density, and flow area. Because
flow area can be expressed in terms of the chamber diameter D, and
h, an expression can be derived from Eq. (1) for the optimum step
height assuming constant mass flow and density!>!3:

hom = Dc/6 (2)

The combustor used in this study contained a rearward-facing step
sized according to Eq. (2). The step height and chamber diameter
remained fixed throughout autoignition testing.

Jet Trajectory

In a staged-bipropellant dump combustor, shear-layer flow and
fuel vaporization have a significant effect on the trajectory of the
ligaments and droplets that form following the breakup of a liquid
jet. Many empirical trajectory models have been formulated to pre-
dict the bulk trajectory of a liquid jet as far as 100 or more x/d,
downstream of the injection point.'* However, under the flow and
heat transfer conditions present in this combustor, the correlations
will only be accurate in predicting the trajectory before column
breakup. For this reason, an empirical correlation developed by Wu
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etal.'® was used in this study to analyze the effect of jet trajectory on
autoignition. This correlation was developed based on observations
of the trajectory of a liquid column before its column fracture point:
x/d, < 10. The trajectory for a kerosene jet in crossflow, derived
from Wu et al., is stated as follows:

y/do = 1.35y/ Q(x/d,) 3

Itis important to note that the jet trajectory is primarily dependent
on the liquid-to-gas momentum ratio. The higher the momentum ra-
tio the greater the jet will penetrate into the gas stream at a specific
axial location. The momentum for each flow is defined as density
multiplied by the square of the velocity. Substituting the continuity
equation solved for velocity and the ideal gas equation solved for
density into this definition of momentum, it is found to be dependent
on mass flow rate, cross-sectional area, temperature, and pressure.
For a constant mass flow rate, cross-sectional area, and decompo-
sition temperature, the momentum of the decomposed gas is only a
function of pressure. The significance of this will become apparent
later in this paper.

Wau et al. also determined that the axial breakup position of a
transverse jet in crossflow is always at an x /d, of approximately 8.
This relation was used to aid in the design of the injector specifically
with respect to the distance between the injector orifices and the
rearward-facing step. Preferably, one would like to have a fully
premixed fuel and oxidizer stream prior to reaching the edge of the
rearward-facing step to increase the likelihood of autoignition in the
shear-layer eddies. At the very least, one would prefer to have a well-
atomized liquid jet upstream of the step. For this reason the rearward-
facing step was placed well downstream (x /d, of approximately 50)
of the axial breakup point predicted by the Wu et al. relation.

This relation was also used to determine the penetration of the
fuel jet at the point of jet breakup in this study. If the jet penetration is
too shallow (low momentum ratio), the liquid will not be dispersed
well within the chamber and will tend to hug tightly to the chamber
wall, causing a fuel-rich periphery and an oxidizer-rich core. If the
penetration is too deep (high momentum ratio), the streams will
collide and coalesce at the centerline of the chamber, resulting in a
fuel-rich core and possibly poor vaporization. Both cases result in
poor dispersion of the liquid within the chamber and could affect
autoignition.

In this study a fixed-geometry injector was used in the combus-
tor to avoid having to frequently switch out injector hardware. This
necessitated the use of a constant fuel mass flow rate to maintain a
reasonable orifice exit velocity and injector pressure drop at all tested
conditions. Large deviations from the design mass flow rate would
have resulted in poor injector performance and limited operational
flexibility. As a result, equivalence ratio was varied through modifi-
cations in the mass flow rate of hydrogen peroxide. This method of
modifying the overall equivalence ratio also results in variations in
fuel-jet trajectory, atomization, and local quantity of vaporized fuel
(or local ¢) at each tested condition. Modifications to the chamber
CR caused similar effects.

Autoignition

Autoignition, also known as spontaneous or thermal ignition, is
the initiation of a self-sustained exothermic (combustion) reaction
without the aid of an external energy source. The reactants them-
selves have enough energy to start and continue the reaction. The
exact process leading to autoignition is not completely understood,
but it is known to be dominated by a combination of chemical ki-
netic and fluid dynamic processes. Kerosene-based fuels such as
JP-8 contain a number of different hydrocarbons including aromat-
ics, naphthenes, paraffins, and olefins.!®!” The average molecular
formula of JP-8 is C;;H,;.!7 The autoignition of high-molecular-
weight hydrocarbons is a complicated, multistep process. In a re-
acting flow, ignition is usually defined to occur at the point when a
flame is visible in the flow.

The time required to complete each reaction in the combustion
process is dictated by chemical kinetics. According to the Arrhenius
relation, the rate constant of any reaction is inversely proportional to

the exponential function of the inverse of the mixture temperature.
The reaction rate is proportional to the reaction rate constant, and
so as the temperature increases the reaction rate increases. Many
past studies of kerosene autoignition attempted to couple the fluid
mechanics of a reacting flow of fuel and oxidizer with chemical
kinetics using the Arrhenius relation. This was done by equating
the reaction time, expressed as a modified form of the Arrhenius
relation, to the residence time of the gaseous mixture. The following
sections will attempt to summarize past work on autoignition of
kerosene in air and in decomposed hydrogen peroxide. Also, amodel
used to describe flame stability behind a rearward-facing step will
be outlined.

Kerosene Autoignition in Air

Since the 1970s there has been significant research conducted
on the autoignition behavior of kerosene fuel in air. Many of these
studies were performed initially to simulate conditions in lean, pre-
mixed gas-turbine engine combustors.'®~2! Experimental research
was aimed at developing correlations and models for predicting ig-
nition delay based on operating conditions.

Many of these autoignition studies used a continuous-flow appa-
ratus. The setup usually consisted of a tube or duct through which
heated air flows at high subsonic velocity. The fuel is injected into
the airstream where it mixes and reacts. The method of injection is
extremely important, especially for liquid fuels, in minimizing ef-
fects of vaporization on ignition delay and for obtaining a uniform
mixture of fuel and air. Ignition is verified through the direct visual
observation of a flame inside the duct (for windowed setups) or ex-
iting the chamber. Ignition delay is calculated using the air velocity
and the distance from the injection point to the position of the visible
flame.

Ignition delay correlations from these studies are derived from
chemical kinetics and make use of the Arrhenius relation. The re-
action is treated as a whole using the global activation energy de-
termined from experimental data. Correlations for ignition delay of
hydrocarbons in air usually take the following form'®:

1, = Bexp(E,/R,T)[Fuel/[0,]" p" “)

where [Fuel] and [O,] are the concentrations of gaseous fuel and
oxygen, respectively. The parameter B and exponents j, m, and
n are empirically determined constants. Values of the constants in
Eq. (4) vary from experiment to experiment for a particular fuel, but
the trends are generally similar.'®

There have been a number of autoignition studies with kerosene-
based fuel and air in a continuous-flow apparatus. Spadaccini and
TeVelde' studied Jet-A fuel at equivalence ratios ranging from 0.3
to 0.7, temperatures from 700 to 1000 K (800 to 1350°F), pressures
from 1.0 to 3.1 MPa (150 to 450 psia), and air velocities from 20
to 100 m/s (65 to 330 ft/s). Results indicated that equivalence ratio
did not affect ignition delay. In addition, ignition delay (or, more
appropriately, residence time required for autoignition) was shown
to be inversely proportional to the square of the air static pressure.
Spadaccini and TeVelde chose to correlate their results using a form
of Eq. (4). They noted that most ignition delay correlations are
fitted with a pressure exponent of unity (n = —1.0), but their data
suggested that an exponent of —2.0 is a better fit especially at high
temperatures. The effect of fuel concentration distribution was also
investigated in this study and was found to influence the ignition
delay for short residence times. However, as the residence time was
increased the effect became negligible.

A study by Freeman and Lefebvre'®?° was also performed with
Jet-A, but at atmospheric pressure. Tests were conducted at equiv-
alence ratios from 0.2 to 0.8, velocities from 10 to 40 m/s (30 to
130 ft/s), and temperatures up to 1060 K (1450°F). Freeman and
Lefebvre found that the equivalence ratio had a negligible effect
on ignition delay for ¢ < 1.0, in agreement with Spadaccini and
TeVelde, and chose to correlate their data according to Eq. (4) as
well. Increasing the oxygen concentration of the incoming air was
found to decrease the ignition delay and Freeman and Lefebvre set
the exponent m, from Eq. (4), equal to —0.65 based on experimental
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data. The fuel temperature was also found to have negligible effect
on ignition delay, consistent with Spadaccini and TeVelde’s results.

Mestre and Ducourneau®' performed autoignition testing of
kerosene fuel over a wide range of equivalence ratios from approx-
imately 0.8 to 8.0, pressures from 0.55 to 1.1 MPa (80 to 160 psia),
an average air velocity of 65 m/s (215 ft/s), and temperatures up to
1090 K (1500°F). Their experimental results showed that the au-
toignition temperature plotted as a function of equivalence ratio at
a constant pressure had a minimum that varied with pressure. This
minimum temperature moved from an equivalence ratio of almost
3.0at0.55 MPa (80 psia) to approximately 1.0 at 1.1 MPa (160 psia).
Data also showed that the required autoignition temperature de-
creased with increasing pressure, but the decrease became smaller
as pressure neared approximately 1.0 MPa (145 psia). The study also
found that the required autoignition temperature decreased with in-
creasing residence time at constant ¢. They did not correlate their
results according to Eq. (4).

In general, there is good agreement among each of the studies
discussed in that as temperature and/or pressure are increased the
likelihood of autoignition also increases, assuming a constant resi-
dence time and ¢. Also, these studies agree that as residence time
is increased the temperature required for autoignition decreases at
constant pressure and ¢. However, there is some differing data re-
garding the effect of equivalence ratio on autoignition. Two of the
studies noted a negligible effect due to changes in equivalence ratio,
for ¢ < 1.0, at similar temperature, pressure, and residence time.
However, Mestre and Ducourneau observed that equivalence ratio
had a significant effect on autoignition temperature with residence
time and pressure held constant.

Dump-Combustor Flame Stability

For a stable flame to exist in a dump combustor the rearward-
facing step must provide sufficient shear-layer residence time or
the flame will blow off. A study by Plee and Mellor'? outlined the
development of a model to predict blowoff for various flameholder
geometries under fuel-lean conditions. For a fuel-lean, premixed
flow the relation can be stated as follows'?:

Tg=mt; +b (5

The slope and intercept of the equation for the blowoff limit were
determined empirically. Plee and Mellor suggested the use of the
following relation for ignition delay for fuel-lean equivalence ratios:

T = K (Tut/ Tin) exp(Ea /R, T)(1/9) (6)

where K is an empirical constant. The model defines a boundary
for blowoft in terms of shear-layer characteristic time. If the shear-
layer residence time, calculated using Eq. (1), is greater than the
value determined by Eq. (5), the models predicts that a stable flame
will exist behind the rearward-facing step. The model predicts flame
blowoft if the residence time calculated from Eq. (1) is less than
that found from Eq. (5). Although this model was developed for
premixed flames, which are not present in this study, the model was
considered in correlating autoignition data due to its simplicity.
Data from Mestre and Ducourneau showed that autoignition tem-
perature increases with increasing equivalence ratio for fuel-rich
mixture ratios. This suggests that the ignition delay increases with
equivalence ratio for fuel-rich mixtures. Equation (6) would show
the opposite trend if used for fuel-rich conditions and, therefore,
should be restricted only to fuel-lean equivalence ratios. Note that
this relation for ignition delay does not include a pressure term.

Kerosene Autoignition in Staged Combustors

Research into the autoignition characteristics of kerosene fuel in
decomposed hydrogen peroxide has not been as substantial as it
has been in air. Much of the data concerning autoignition in staged
engines is the result of problems encountered during engine design.
However, there was a series of papers written in the early 1950s on
autoignition of kerosene fuel in decomposed hydrogen peroxide by
Walder,?>2* Walder and Purchase,?* and Walder and Broughton.?

The most extensive of these autoignition studies by Walder is
found in his earliest paper.?? In this study 80% H,0, was decom-
posed in a catalyst stone bed giving a decomposition temperature
of approximately 780 K (950°F). Tests to determine autoignition
temperature were conducted similarly to those done with kerosene
in air. Initially water was mixed with the liquid hydrogen peroxide
to drop the decomposition temperature below 670 K (750°F). The
water flow was gradually reduced to increase the decomposed gas
temperature until autoignition was verified by visual detection of a
flame exiting the chamber throat. Aviation kerosene fuel was fed to
the chamber through 12 swirl injectors and the residence time of
the gas in the chamber was modified by varying the chamber length
and throat diameter. The CR was varied from approximately 6.5
to 20. All tests were conducted at a mixture ratio of 9.1, which is
approximately stoichiometric for 80% H,0,.

Walder developed a correlation for the autoignition temperature
of kerosene in decomposed hydrogen peroxide similar in form to
Eq. (4). The main difference was that Walder supposed that the
ignition delay was proportional to L* of the engine. The basic form
of the correlation is as follows:

log(L*p") = K /Ty + L (7

where K, L, and n are empirical constants. The slope of a line
describing autoignition pressure vs characteristic length at constant
temperature gives the value of the exponent n. Walder found n to be
equal to 1.15 based on test data. This value is close to unity, which
Spadaccini and TeVelde suggested worked well for autoignition of
kerosene in air at low temperatures. The constants K and L are the
slope and intercept of a line plotting autoignition temperature as a
function of L* at constant pressure. Walder found these constants
to be equal to 3720 and —2.62, respectively, based on test data.
From this relation one can see that as L* and/or chamber pressure
are increased the temperature required for autoignition decreases.
This agrees with the results from Mestre and Ducourneau. Walder
also investigated the effect of equivalence ratio on the autoignition
temperature at constant pressure of 0.70 MPa (100 psia) and L*
of 128 cm (50.4 in.). It was found that the required autoignition
temperature rose to a value of about 716 K (830°F) at an equivalence
ratio of 1.25 from 702 K (805°F) at the stoichiometric value. At an
equivalence ratio of approximately 0.8 the required autoignition
temperature fell to 683 K (770°F). The trend in these results also
agrees with that of Mestre and Ducourneau for fuel-rich equivalence
ratios.

Another study, by Walder and Purchase,?* investigated the affect
of injector design on autoignition temperature. A number of com-
plex injector designs were tested that made use of swirl jet, straight
orifice, and combined swirl and straight orifice injection techniques.
All tests were conducted at a stoichiometric mixture ratio of 9.1 for
80% H,0, and L* ranging from 173 to 254 cm (68 to 100 in.). The
average autoignition temperature was found to vary with injector
design, which suggests that autoignition is dependent on the atom-
ization and vaporization processes that control local mixing as well
as the global parameters of ¢ and T'.

A study by Wu et al.® on the development of staged-bipropellant
combustors using hydrogen peroxide and JP-8 noted some prob-
lems obtaining autoignition. The test combustor was very similar in
design to that presented in this paper. A silver screen catalyst bed
was used to decompose 85% H,0, at 95% efficiency and the com-
bustor used a transverse-type injector design with a rearward step.
Autoignition was not achieved at a monopropellant operation cham-
ber pressure of 2.3 MPa (340 psia) and a CR of 5.4. The mixture
ratio used during this test is unclear but other data from the study
suggest that it was somewhere between 6.0 and 11.0, corresponding
to equivalence ratios between 0.8 and 1.4. The CR was increased to
7.11 to establish reliable autoignition.

In a study by Coxhill et al.,” autoignition problems were also ex-
perienced during staged engine development. This combustor design
used kerosene fuel jet injectors angled at 55 deg to the decomposed
gas flow and did not incorporate flame-holding geometry. A silver
screen catalyst bed was used to decompose 90% H,0, and the com-
bustor operated at mixture ratios from 6.0 to 10.0, or equivalence
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ratios from 0.8 to 1.3. Autoignition did not occur at a CR of ap-
proximately 13.0 at chamber pressures less than 1.1 MPa (160 psia)
even for fully decomposed hydrogen peroxide. At a CR of about
20.0, autoignition was achieved for all tested conditions and was
subsequently used in the final combustor design.

Past data suggest autoignition is influenced by temperature, pres-
sure, and equivalence ratio, especially at fuel-rich conditions. Also,
CR, or chamber residence time, has been shown to be extremely im-
portant to autoignition. The experiment described here adds to the
body of literature, seeking to establish autoignition limits for JP-8
under varying CR, equivalence ratio, and hydrogen peroxide con-
centration. The temperature of the decomposed gases is controlled
by the H, O, concentration and the residence time is controlled by the
chamber CR. Tests are conducted at lower CRs (3.0 and 5.0), higher
equivalence ratios (1.4-2.8), higher temperatures (900-1225 K or
1173-1746°F), and higher oxygen concentrations (O, mass frac-
tions of 0.40-0.46) than previous kerosene autoignition studies.

Results

Test Classifications

A total of 24 tests were conducted to investigate the relative affects
of equivalence ratio, decomposed gas temperature, and CR on the
autoignition of JP-8 in decomposed hydrogen peroxide. Hydrogen
peroxide concentration was varied from 85 to 98%, equivalence
ratios ranged from 1.4 to 4.0, and CR was set to values of 3.0,
5.0, and 6.5. Autoignition was classified into three regimes: strong,
weak, and no ignition based on visual observations from video and
recorded chamber pressure data.

Each autoignition test followed an identical timing sequence. At
t =0 s, the hydrogen peroxide flow was initiated and introduced
into the catalyst bed. One half-second later the JP-8 flow was sup-
plied to the transverse injector. During this 0.5-s period of hydrogen
peroxide flow only, the monopropellant chamber pressure was es-
tablished in the combustor. The JP-8 flow was sustained for a full
second, which was more than sufficient in duration to obtain au-
toignition if the conditions were correct. Once the fuel flow was
ceased it was followed by 1-2 s of hydrogen peroxide—only flow.
This lag of hydrogen peroxide was used to vaporize or burn off any
remaining fuel in the combustor.

Tests that resulted in strong autoignition were characterized by
bright, stable red-orange flames and calculated bipropellant C* ef-
ficiencies of over 90%. The delay between the initiation of fuel
injection and autoignition was typically small, less than 50 ms. As
Fig. 3, shows, the chamber pressure, p.,, rises sharply from its
monopropellant level, indicating autoignition, approximately 0.1 s
following the rise in the fuel-injector pressure, pg_inj- This delay
most likely corresponds to the time required to fill the fuel mani-
fold as the pressure drop across the injector reaches approximately
0.70 MPa (100 psi), which was the design pressure drop, at this
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Fig. 4 Plot of pg_inj and p., at the point of injection for a weak-
autoignition test using CB-1 (test conditions: 87.5% H,0,, ¢ =1.62,
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instant as well. The chamber pressure for a strong autoignition test
typically increases by approximately 100% from monopropellant
to bipropellant modes. This was due to the added mass of fuel in
the chamber and the energy released by the combustion reaction.
For this particular test the monopropellant decomposition efficiency
was approximately 97% whereas the bipropellant C* efficiency was
about 94%. The pressure profiles for strong autoignition tests were
similar for both catalyst beds.

Tests classified as resulting in weak autoignition typically pro-
duced flames that were very unstable and varied in color and in-
tensity. These tests were characterized by large chamber pressure
instabilities, in most cases, and resulted in bipropellant C* efficien-
cies ranging from 60 to 90%. A typical plot of fuel-injector and
chamber pressure at the start of the bipropellant portion of a weak
autoignition test is shown in Fig. 4. As the plot shows, the chamber
pressure data for this test contained significant pressure oscillations,
the amplitude of which is nearly equivalent to the average cham-
ber pressure. The monopropellant decomposition efficiency for this
test was about 93% and the bipropellant C* efficiency was approx-
imately 69%. Following fuel injection, pressure instability with a
dominant frequency between 27 and 47 Hz was measured during all
weak-autoignition tests. In most cases, the amplitude of the oscil-
lation was greater than 10% of the average chamber pressure. It is
believed that the pressure oscillations were primarily a result of the
behavior of CB-1, because these disturbances were only observed
during the operation of that particular bed. Also, in most cases, the
pressure oscillations were present during monopropellant operation
of the combustor before the fuel was introduced to the chamber,
albeit at lower amplitude.

During tests in which no autoignition occurred, a thick cloud of
vapor was typically seen issuing from the nozzle following fuel
injection. In some cases, the difference in appearance between the
exhaust during monopropellant mode and following fuel injection
was almost unnoticeable. In general, flames were not seen exiting
the engine during tests classified as no ignition. However, sparks of
flame were sometimes seen at shutdown. A plot of fuel-injector inlet
pressure and chamber pressure for a no-autoignition test is shown
in Fig. 5. Following fuel injection the chamber pressure rises by
only about 0.07 MPa (10 psi) or 6% of the monopropellant chamber
pressure. This small increase in pressure is a result of the fuel being
vaporized in the chamber. A sharp increase in pressure does not
occur following fuel injection as it does in the strong- and weak-
autoignition cases, which suggests that the decomposed gas had
only enough energy to vaporize the fuel and not enough to ignite
the resulting mixture. The monopropellant decomposition efficiency
for this test was approximately 82% whereas the bipropellant C*
efficiency was about 47%. Bipropellant C* efficiencies for all no-
ignition cases were less than 65%.
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Effect of H, O, Concentration

One of the goals of this study was to determine the effect of
equivalence ratio and decomposition temperature on autoignition
of JP-8. A total of 20 tests were conducted at a CR of 3.0 to
determine the autoignition boundary in terms of equivalence ra-
tio at a constant H,O, concentration. Hydrogen peroxide concen-
trations of 85, 87.5, 90, 94, and 98% were used to vary the de-
composition gas temperature. CB-1 was used for concentrations
of 90% and below whereas CB-2 was used for concentrations
90% and above. The data resulting from these tests are shown
in Fig. 6.

As Fig. 6 shows, the strong autoignition boundary in terms of
equivalence ratio widens with increasing hydrogen peroxide con-
centration. It stretches from a value of, presumably, less than 1.37 at
a concentration of 85% to 2.06 at a concentration of 98%. However,
the autoignition boundary is not necessarily clearly defined, espe-
cially at concentrations of 85, 87.5, and 90%. At a concentration of
85% a strong- or weak-autoignition condition was not found even
at an equivalence ratio as low as 1.37. A test was not conducted
at a lower equivalence ratio because the oxidizer flow rate needed
to reach a ¢ of 1.37 was close to the highest recommended flow
rate for CB-1. At concentrations of 87.5 and 90% weak autoignition
was observed over a wide range of equivalence ratios before reach-
ing a no-autoignition condition. For instance, at 90% H,0,, strong
autoignition was observed at the baseline equivalence ratio of 1.59
using CB-1. However, a no-autoignition condition was not found
until the equivalence ratio was raised to 2.19. Similarly, at a con-
centration of 87.5% using CB-1, strong autoignition was observed
at an equivalence ratio of 1.40, but a no-autoignition condition was

Table 3 Variation in decomposition temperature and oxygen
mass fraction with H>O, concentration

w, Decomposition O, mass Stoichiometric
% temperature, K (°F) fraction O/F mass ratio
85.0 907 (1173) 0.400 8.49
87.5 968 (1283) 0.412 8.25
90.0 1029 (1393) 0.423 8.02
94.0 1128 (1570) 0.442 7.68
98.0 1225 (1746) 0.461 7.36

not achieved until ¢ was raised to 1.86. At concentrations of 94 and
98% strong autoignition was observed at equivalence ratios of 1.70
and 2.06, respectively, with CB-2.

CB-2 was tested at three test conditions that were nearly identi-
cal to those run with CB-1. At the baseline conditions, 90% H,O,
and ¢ of 1.60, CB-2 produced a strong autoignition result in agree-
ment with that of CB-1. Running CB-2 at equivalence ratios of
2.01 and 2.23 resulted in no autoignition rather than weak autoigni-
tion like CB-1 produced at ¢ of 1.91 and 2.19. In fact, CB-2 did
not produce weak-autoignition results at any of the tested condi-
tions. The authors believe that the pressure oscillations observed
during the weak-autoignition tests were a function of the catalyst
bed, CB-1, for this reason. It is also believed that these pressure os-
cillations effectively pushed the propellant mixture back and forth
across the autoignition boundary, resulting in the fluctuating flame
structure observed during weak-autoignition tests. This suggests that
chamber pressure plays a very important role in defining the condi-
tions necessary for autoignition, which agrees with past autoignition
studies.

The primary reason for the increase in autoignition limits with
H, 0, concentration is the corresponding increase in the decompo-
sition temperature. Assuming 100% decomposition efficiency the
gas temperature increases by 318 K (573°F) from a concentration
of 85-98% H,O,, as shown in Table 3. This result agrees well with
the results of Mestre and Ducourneau®' as well as Walder,?> who
both showed that fuel-rich autoignition limits increase with increas-
ing temperature at constant pressure for kerosene in air and decom-
posed hydrogen peroxide, respectively. Spadaccini and TeVelde'
as well as Freeman and Lefebvre?® chose to correlate their data on
kerosene in air at fuel-lean equivalence ratios using a form of Eq. (4)
that shows that ignition delay is exponentially dependent on tem-
perature. As a result of this exponential dependence, temperature
has by far the most dominant effect on ignition delay according
to Eq. (4). Applying this to the present study, a change in H,0,
concentration from 85 to 90% would increase the decomposition
temperature by 122 K (220°F), significantly decreasing the ignition
delay. The shorter the ignition delay the greater is the chance of
achieving autoignition within the combustion chamber.

Coupled to this temperature effect is the increasing mass frac-
tion of oxygen present in the decomposed gases as concentration
increases, as Table 3 shows. This increase may also contribute to
the increased autoignition limits at high concentrations, in agree-
ment with the results of Freeman and Lefebvre.?” However, oxygen
concentration was not measured in this study and so its effect on
autoignition cannot be shown conclusively.

Effect of Contraction Ratio

Another goal of this study was to determine the effect of gas ve-
locity, or residence time, on the autoignition of JP-8 in decomposed
peroxide. For a dump combustor there are two residence times that
must be considered: the chamber residence time and the shear-layer
residence time. Chamber residence time is varied through changes
in the chamber CR, which alters the chamber Mach number and gas
velocity. The CR was altered in this study by modifying the chamber
throat diameter. For this combustor the height of the rearward step
was kept fixed, which meant that the primary means of varying the
shear-layer residence time was through the gas velocity at the step.
Theoretically, changes in CR should not have a significant effect on
this velocity. However, because the throat diameter was modified
to change CR in this study while mass flow rates were kept fixed,
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Fig. 7 Autoignition of JP-8 as a function of equivalence ratio and CR
at a constant H>O; concentration of 85%.

the chamber pressure was consequently altered, adjusting the gas
velocity at the step in the process. As a result, the effects of chamber
and shear-layer residence time were unavoidably coupled through
CR in this investigation.

Four additional tests were performed at a CR of 5.0 and a con-
stant concentration of 85% using CB-1 to determine the autoigni-
tion boundary in terms of equivalence ratio. The data resulting from
these tests along with those done at a CR of 3.0 with 85% H,0, are
shown in Fig. 7. Strong autoignition was achieved at an equivalence
ratio of 1.36 at a CR of 5.0, but no autoignition was achieved with
a CR of 3.0 at the same equivalence ratio. The equivalence ratio
was increased from 1.36 at a CR of 5.0 in an attempt to find a no-
autoignition point. Weak autoignition was observed at equivalence
ratios of 1.70 and 2.31, and a no-autoignition point was found at a
¢ of 2.73.

Although strong autoignition was not achieved at a CR of 3.0,
these results indicate a broadening of the autoignition limits with
increasing CR. This is a direct result of the increase in both the
chamber and shear-layer residence times with CR. At a CR of 3.0
the chamber residence time was calculated to be approximately 2.2
ms, whereas the shear-layer residence time was calculated to be
on the order of 0.08 ms. When the CR was increased to 5.0 the
chamber residence time increased to about 3.7 ms whereas the shear-
layer time was around 0.13 ms. All residence times were calculated
assuming a stream of decomposed 85% H,0, alone, ignoring fuel
vapor effects. The increase in each residence time between a CR of
3.0 and 5.0 was calculated to be approximately 65%. As aresult, it is
unclear which residence time, chamber or shear layer, had the most
significant effect on broadening the autoignition limits at a CR of
5.0. The general trend in this data agrees with the studies of Mestre
and Ducourneau?' as well as that of Walder,”2 who found that the
likelihood for autoignition at constant temperature, pressure, and
equivalence ratio increases with increasing residence time.

Pressure Effect

During the investigation into the effect of equivalence ratio on
autoignition at constant CR, the equivalence ratio was increased by
decreasing the flow rate of hydrogen peroxide with the fuel flow rate
held constant. This resulted in a decrease in monopropellant cham-
ber pressure before fuel injection, coupling the effects of increasing
equivalence ratio and decreasing chamber pressure on autoignition.
For instance, when running with 94% H,0, at a ¢ of 1.70 and a
CR of 3.0, the monopropellant chamber pressure was measured at
approximately 0.65 MPa (94 psia), but when ¢ was increased to
2.15 the pressure dropped to about 0.50 MPa (72 psia). Similarly,
when exploring the effect of CR on autoignition, both the H,O,
and JP-8 flow rates were held constant while the throat diameter
was varied. As the CR was increased, throat diameter decreased; it
consequently resulted in an increase in the monopropellant chamber
pressure. For example, at a constant ¢ of 1.36 with 85% H,0,, the
monopropellant chamber pressure was about 0.70 MPa (100 psia)

at a CR of 3.0 but increased to approximately 1.30 MPa (190 psia)
at a CR of 5.0. Therefore, the effect of increasing CR was coupled
to that of increasing chamber pressure.

Nearly all of the past kerosene autoignition studies reviewed
in this paper have included a pressure effect in their autoignition
correlations.!??!"?2 The extent of the influence of pressure has not
been agreed upon; however, the general trend suggests that increas-
ing pressure broadens autoignition limits. In this study, pressure ef-
fects were coupled with changes in both equivalence ratio and CR.
Therefore, it cannot be conclusively stated that ¢ and CR were solely
responsible for the trends observed in the data. It is believed that
the pressure oscillations observed during weak-autoignition tests
pushed the propellant mixture back and forth across the autoignition
boundary. This illustrates the importance of the effect of pressure
on autoignition.

Trajectory Effect

The liquid jet trajectory correlation developed by Wu et al.,!” de-
scribed previously, was used to estimate the fuel trajectory based on
tested conditions. Again, this correlation was developed to predict
a jet’s trajectory before column breakup and is inaccurate farther
downstream. Breakup was assumed to occur at an x/d, of 8, ac-
cording to Wu et al. The goal of this analysis was to understand the
potential influence of fuel distribution on autoignition. Multiple-jet
interaction was not considered in this analysis; rather the calcula-
tions were performed for a single fuel jet. According to the Wu
et al. correlation, the jet trajectory is dependent on the liquid-to-gas
momentum ratio, where momentum is defined as density times the
square of velocity. Because the fuel flow rate and injector geometry
were kept fixed during this study, so too was the fuel momentum.
Therefore, only the variations in the momentum of the decomposed
H,0, gas affected the jet trajectory. As discussed previously, gas
momentum is dependent on mass flow rate, cross-sectional area,
temperature, and pressure. The cross-sectional area of the gas port of
the injector was held constant during testing, rendering gas momen-
tum dependent only on mass flow rate, decomposition temperature,
and chamber pressure.

At a CR of 3.0 the calculated momentum ratio, assuming the
gas was at monopropellant chamber pressure, ranged from 2.8 to
14.0. The predicted difference in trajectory, according to the Wu
et al. correlation, resulting from this range of momentum ratios is
shown in Fig. 8. In the case of Q =2.8 the fuel only penetrates
about a quarter of the distance to the centerline of the chamber
before breakup. For Q = 14.0 the fuel penetrates slightly more than
halfway to the centerline of the chamber before column breakup.
Both of these trajectories achieved a no-autoignition result even
though the penetration differed significantly. Because the rest of the
fuel trajectories at a CR of 3.0 are contained somewhere between
those shown in Fig. 8, it is difficult to determine the influence of
jet trajectory on autoignition based on the conditions tested here.
The Mach number of the decomposed gas was approximately 0.45
in the gas port for all tests at this CR. It should be noted that after
autoignition the density of the decomposed gas increased.
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Fig. 9 Trajectory variations in tests run at a CR of 5.0.

At a CR of 5.0 the range of momentum ratio was calculated
to be approximately 5.4 to 25.7. These trajectories are plotted in
Fig. 9. The Mach number of the decomposed gas during these tests
was approximately equal to 0.28. The test run at a minimum Q
of 5.4 achieved strong autoignition. According to Fig. 9 the fuel
jet penetrated only about one-third of the way to the centerline at
this momentum ratio before breakup. No autoignition was achieved
for the case of maximum Q of 25.7. Here the fuel penetrated very
closely to the centerline before breakup. In this case, it is possible
that fuel droplets from multiple jets could collide following breakup
at the centerline, forming larger drops that take longer to vaporize.
Also, when the fuel is centralized in the oxidizer port it may be more
difficult to entrain into the shear-layer eddies; instead the fuel gets
pushed downstream by the high-velocity freestream flow.

As previously explained, the throat diameter was decreased to
increase the chamber CR from 3.0 to 5.0 while the flow rates were
maintained at the same level to achieve the necessary equivalence ra-
tio. This resulted in an increase in monopropellant chamber pressure
and consequently a decrease in the velocity of the decomposed gas.
Therefore, the calculated momentum ratios were higher at a CR
of 5.0 than at 3.0, causing increased jet penetration. Similarly, to
increase equivalence ratio, the H,O, flow rate was decreased, drop-
ping the monopropellant chamber pressure and gas velocity while
correspondingly increasing the liquid-to-gas momentum ratio. As a
result, jet penetration increased with increasing equivalence ratio.
This effectively coupled trajectory effects to the effects of variations
in equivalence ratio and CR.

Conclusions

An experiment was designed to investigate the autoignition of
JP-8 in decomposed hydrogen peroxide. Independent test variables
included chamber CR, equivalence ratio, chamber Mach number,
and decomposition temperature. Results were obtained for H,O,
concentrations ranging from 85 to 98%, equivalence ratios from 1.4
to 2.8, and CRs of 3.0 and 5.0. Trends in experimental results agreed
with those found in past autoignition studies. Test data showed that
increasing hydrogen peroxide concentration, or decomposed gas
temperature, increases autoignition limits at a constant CR. Au-
toignition was not achieved at equivalence ratios as low as 1.37 using
85% H,0,, whereas strong autoignition was achieved at equivalence
ratios as high as 2.06 using 98% H,O,. However, the equivalence ra-
tio was not the only factor that affected the autoignition boundary un-
der the tested conditions. As a consequence of adjusting equivalence
ratio at a constant H,O, concentration through adjustments in oxi-
dizer flow rate alone, monopropellant chamber pressure decreased
with increasing equivalence ratio. This produced a coupled effect
on autoignition between equivalence ratio and chamber pressure.
Further tests are necessary to separate the influence of each factor.

Test data have also shown that increasing CR, or residence
time, tends to increase autoignition limits. Strong autoignition was
achieved at an equivalence ratio of 1.37 with 85% H,O, at a CR
of 5.0 whereas no autoignition was achieved at a CR of 3.0 at the
same equivalence ratio. This is primarily a result of the increased

shear-layer and chamber residence time. However, the monopro-
pellant chamber pressure decreased with decreased CR, creating a
coupling between CR and pressure effects. This was a result of in-
creasing the throat diameter while maintaining identical mass flow
rates. In addition, the drop in chamber pressure correspondingly
increased the decomposed gas velocity upstream of the rearward-
facing step. As a result, the shear-layer residence time decreased
as well creating coupling of the two residence times. More tests, at
a wider range of CRs, are necessary to specifically determine the
effects of pressure and CR. In addition, future tests should be struc-
tured to separate the effects of shear-layer and chamber residence
times.

The strong autoignition result at a CR of 5.0 contradicts earlier
results where no autoignition was achieved using 85% H,0, ata CR
of 5.4 and an equivalence ratio around 1.4. It would be interesting to
determine the specific difference in combustor designs that would
cause the difference in the autoignition result. Fuel jet trajectory
analysis suggested that overpenetration of the fuel jet would result
in greater likelihood of no autoignition. However, more data are
needed separating the trajectory variations from those of equivalence
ratio and CR to conclusively determine the effect of jet trajectory
on autoignition.

Future testing should also be structured to decouple the effects
of pressure and equivalence ratio, pressure and CR, and to isolate
trajectory effects from all other factors. To study the effect of equiv-
alence ratio at a specific hydrogen peroxide concentration while
maintaining a constant pressure, the oxidizer flow rate should be
kept constant while varying the fuel flow. To investigate the effect
of pressure while maintaining a constant equivalence ratio, both
flows will need to be varied equally to maintain a constant mixture
ratio. In addition, to determine the effect of chamber residence time,
the chamber pressure will need to be maintained between CRs as
well. This could be accomplished through variations in both the ox-
idizer and fuel flow rates. The main difficulty associated with this
approach to the problem is that multiple fuel injectors are necessary
to maintain appropriate fuel jet trajectories through each variation
in flow rate, and it may be difficult to maintain constant trajectory
during each manipulation. Another approach would be to maintain
constant flow rates and throat diameter while adjusting chamber
diameter. This would alter the step height, but the corresponding
change in shear-layer residence time would be minimal compared
to that of the chamber residence time. This approach would be rather
expensive. More CRs should be tested as well to create a wider range
of data on the effect of chamber residence time on autoignition. The
effect of shear-layer residence time could be determined through
variations in the rearward-facing step height, keeping all other ge-
ometry and flow rates constant. This would, of course, require the
use of multiple injectors. In addition, it would be difficult to main-
tain a consistent jet trajectory. It would be interesting to vary the jet
trajectory at constant operating conditions to determine trajectory
and fuel distribution effects on autoignition. This would also require
the use of multiple injectors.
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