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Pulse Combustion: The Quantification of Characteristic Times 
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Measurements of the total ignition delay time in a pulse combustor have been made for several chemical kinetic ignition delay 
times and several fluid dynamic mixing times. These measured total ignition delay times are compared with calculated values 
of the characteristic time for mixing and with calculated values for the homogeneous ignition delay time. A chemical kinetic 
model was used to calculate the homogeneous chemical kinetic ignition delay time for conditions typical of an operating 
pulse combustor. Similarly, a fluid dynamic mixing model was used to estimate characteristic times for a transient jet 
of cold reactants to mix with an ambient environment of hot products to an ignition temperature. These calculated time 
scales compared well with measured values in both trend and magnitude. It has also been shown that a simple sum of the 
characteristic mixing times and chemical kinetics times provides a good first-order approximation to the total ignition delay 
time. 

INTRODUCTION 

Most previous research on pulse combustors has 
been directed toward examinations of the over- 
all characteristics such as heat transfer, efficiency, 
frequency of operation, and pollutant formation. 
Previous work has done little to elucidate the fun- 
damental controlling physics of the pulse combus- 
tion process. Fundamental questions such as how 
to predict a priori whether a given system will 
resonate still remain unanswered [1]. 

Through testing a variety of configurations that 
had different "mixing" characteristics, it has long 
been known that fluid dynamic mixing is impor- 
tant to the operation of pulse combustors. How- 
ever, the precise role of mixing has never been 
quantified experimentally or theoretically. Keller 

et al. [2] established the concept of individual 
characteristic delay times for pulse combustors 
(for example, time required to mix fuel and oxi- 
dizer, time required to mix the reactants with the 
hot products, time required for chemical kinetics, 
and the natural resonance time) and the idea that 
these times contribute nearly independently to a 
total ignition delay time. This work found that it 
is only their contributions to the total delay time 
that affected the phase relationship between the 
resonant pressure wave and the instantaneous en- 
ergy release rate. This total delay time is one of 
the most important factors in determining the res- 
onant response of the pulse combustor. 

Although Keller et al. established the combus- 
tor's response to relative changes in these charac- 
teristic times, the relative and absolute magnitudes 
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of these times remained unknown. The quantifica- 
tion of the individual characteristic times and their 
contributions to the total ignition delay time must 
be determined before widespread application of 
this information can be realized. The ability to 
predict the total ignition delay time and control its 
value provides the first step in moving the design 
of pulse combustion devices from trial and error 
to good engineering practices. 

The physical and chemical processes leading to 
ignition are highly coupled temporally and spa- 
tially varying processes that involve turbulent mix- 
ing, injection rates, chemical kinetics, and so on. 
Current models of this combustion process--for 
example, two flame fronts each propagating in op- 
posite directions, or an arbitrarily defined energy 
release rate as a function of time (e.g., a half sine 
wave)--are not very satisfying. Both of these ap- 
proaches have been used in pulse combustion mod- 
els with only modest success. The present work 
establishes some simple yet powerful techniques 
to quantify the effects on the total ignition delay 
time due to changes in the fluid dynamic mixing 
time and in the homogeneous chemical kinetic ig- 
nition delay time. It is recognized that these im- 
portant processes overlap to some extent in a non- 
linear fashion. Nevertheless, a significant amount 
of useful information can be extracted from the 
experimental results by treating the influence of 
these processes as independent. 

In this paper we present a description of the nu- 
merical models used to calculate two of the char- 
acteristic times, first for the fluid dynamic mix- 
ing time and then for the homogeneous chemical 
kinetic time. The experimental facility and diag- 
nostics used for model verification are described. 
The magnitude of the characteristic times that con- 
tribute to the total ignition delay time is discussed, 
as well as the general nature of these times and 
how they affect the performance of the pulse com- 
bustor. 

THEORETICAL MODELS AND 
EXPERIMENTAL FACILITY 

Fluid Dynamic Mixing Model 

The mixing model of Rife and Heywood [3] was 
extended and applied recently to the injection pro- 

cess that occurs in a pulse combustor [4]. Their 
model is based on the classical steady two-phase 
turbulent jet model of Abramovich [5]. The model 
assumes similarity profiles for the radial distri- 
butions of velocity and concentration. By requir- 
ing conservation of mass and momentum, expres- 
sions are developed for the axial growth of the jet 
and the decay of centerline velocity and concen- 
tration. Rife and Heywood examined the rate at 
which a nonreacting, impulsively started, transient 
jet mixed to a certain equivalence ratio. Assum- 
ing that the turbulent Lewis number for the flow 
in the pulse combustor is 1 and that the turbulent 
Sherwood number in the impulsively started jet 
of Rife and Heywood is also 1, the same analy- 
sis can be used to calculate the rate at which the 
premixed reactants mix with hot combustion prod- 
ucts from the previous pulse combustor cycle to a 
given temperature. 

Bramlette [4] hypothesized that for the case of 
"fast" chemical kinetics (when the chemical igni- 
tion delay time scale is much less than the fluid 
dynamic mixing time scales of the combustor, 
"/'kinetic ~ "/'mixing) the rate of fluid dynamic mix- 
ing can be used to predict the timing and instanta- 
neous rate of energy release in a pulse combustor. 
The injection process was modeled in an integral 
sense as an impulsively started jet with the same 
total mass and momentum flux as the temporally 
varying jet characteristic of a pulse combustor. It 
was shown that if the theoretical quasi-steady pen- 
etration time of the transient jet were modified by 
a single multiplicative factor, Cp~,t, then the theo- 
retical predictions of penetration rate agreed well 
with a variety of experimental data for nonreact- 
ing, impulsively started jets with different injec- 
tion velocities, initial radii, and density ratios. 

The model was used to calculate the rate at 
which a transient jet of premixed fuel and air at 
temperature Tr achieved a temperature Tmix (Tmix 
was chosen to satisfy the "fast" kinetics assump- 
tion) when injected into combustion products at 
temperature Tp. Calculations were performed to 
determine the sensitivity of the predicted mix- 
ing rate to mass flow rate, jet radius, combustion 
product temperature, density ratio, and the tem- 
perature Tmix. All of these parameters were found 
to result in variations in mixing characteristics that 
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would affect the performance of a pulse combus- 
tor, with mean mass flow rate producing the most 
dramatic effect. Thus, for the present work the 
mixing characteristics were altered by varying the 
mean mass flow rate. 

This model as applied to the pulse combustor 
calculates the time history of many discrete el- 
ements of reactants. The integrated results from 
this Lagrangian calculation are used to provide a 
meaningful characteristic mixing time (/'mixing) for 
the combustor as a whole. 

There are several potential sources of error that 
may result from applying a quasi-steady mixing 
model to pulse combustors. First, such an ap- 
proach neglects the influence of bulk fluid mo- 
tion of the combustion products from the previous 
cycle. Based on earlier work [6] with an injec- 
tion system more complex than the one used in 
the present study, it can be assumed that this ef- 
fect is small. Second, the effect of combustion on 
the injection process and subsequent mixing is ne- 
glected. Because of the dependence of the mixing 
rate on density ratio, this approximation will lead 
to an underprediction of mixing rate [4] (and thus 
the instantaneous rate of energy release) during 
the latter part of the pulse combustion cycle. As 
a result, this model will tend to overpredict the 
duration of the high energy release rate. Finally, 
there is evidence [7-9] that the entrainment rate of 
a transient jet depends on both the jet centerline 
injection velocity and its time derivative. Hence, 
the use of a quasi-steady assumption in determin- 
ing the value of C0e,t will cause an underprediction 
of the mixing rate. Thus, the value of C~m was de- 
termined so that the predicted mixing rate agreed 
with experimental data at one mass flow rate for 
the current pulse combustor configuration. 

Chemical Kinetics Model 

Calculations were carried out to estimate the char- 
acteristic chemical kinetic time scales in the pulse 
combustor. The model follows the time evolution 
of a given sample of gas that consists initially 
of a mixture of fuel, air, and residual products 
from previous cycles. The computations use the 
HCT code [10] with a detailed reaction mecha- 
nism [11-13] that has been thoroughly tested for 

the fuel and conditions of this study. The rate con- 
stants used in the current modeling analysis are 
tabulated in Ref. 13; however, that reaction mech- 
anism includes chemical species as large as butane 
(C4HI0), so all of the hydrocarbon species with 
more than two C atoms and the elementary reac- 
tions involving them have been eliminated, leaving 
a CI-C2 mechanism for the oxidation of methane. 
The pressure during ignition is assumed to be con- 
stant at 101.3 kPa, spatial variations in tempera- 
ture and species concentrations are neglected, and 
energy losses during ignition are not considered. 
These assumptions are reasonable as long as the 
homogeneous chemical ignition delay time is much 
shorter than the fluid dynamic mixing time, which 
is much shorter than the overall period of the pulse 
combustor (rkinetic << Tmixing ~ Tresonant). 

The initial conditions for the calculation are de- 
termined by specifying the fuel/air equivalence ra- 
tio and a mixing fraction f ,  which is defined as the 
mass fraction of fresh fuel and air in the mixture 
of fuel, air, and combustion products from pre- 
vious cycles. The fraction of residual combustion 
products is thus 1 - f .  

With this mixing fraction given, the initial mix- 
ture temperature Tmix is computed on the basis 
of energy conservation, since the reactive mixture 
consists of a fraction f of fuel and air at room 
temperature Tr and a fraction 1 - f of residual 
products assumed to be at their adiabatic flame 
temperature Tad. Thus, as the mixing fraction in- 
creases, Tmix decreases and the ignition delay time 
increases, since the chemical reaction processes 
during the delay period have rates that are expo- 
nential functions of Tmix. 

Typical results are illustrated in Fig. 1 for 
f : 0.3. The fuel mole fraction Yfuel, the tem- 
perature of the mixture, and the energy release 
rate are plotted as functions of elapsed time. In 
this example with CH4 as the fuel, the equiva- 
lence ratio q~ is 0.8, and the initial temperature 
of the mixture Tmix is 1530 K. At the end of the 
ignition delay period of 1.3 ms, the fuel concen- 
tration essentially vanishes. The disappearance of 
the fuel permits the levels of the important chain- 
carrying radical species, especially H and OH, to 
increase rapidly [14], and subsequent conversion 
of CO and H2 to CO2 and H20 then results in 



154 J .O .  KELLER ET AL. 

2t00 

lgO0 - I .s-" 

i 1700 

, ~ o  - t - n ' - T - 7 " - ' ;  , , , 
I.O 0.4 0.8 1.2 t .6 

TINE O~S] 

60 IT" 

40 g 

20 

I t 0  
2.0 

2 

20 

o 15 :,,., 

5 f [.\ 

0.0 0.4 0.8 1.2 i .5 
TI~  [ms) 

- -  2.0 

t.6 

t .2 

0.8 

0.4 

I 0.0 2.0 

% 

o~ 

Fig. 1. Typical chemical kinetic calculations showing temper- 
ature rise, the production of OH*, the disappearance of fuel, 
and the evolution of energy release rate. 

a rapid temperature increase, as seen in Fig. 1. 
Also shown in Fig. 1 is the computed production 
of OH* resulting from 

CH +Oz --, CO +OH*,  

which is the main process producing excited OH* 
radicals [15, 16]. The time scale for OH* emis- 
sion is governed by the rate of radiative decay of 
OH* to the ground state; this characteristic time 
is approximately 1 ps [15]. From these calcula- 
tions, it is seen that the OH* emission correlates 
closely with the rapid energy release phase of the 
combustion cycle and signals the end of the in- 
duction period. For this study, measurements of 
OH* chemiluminescence are used as a measure of 
the energy release rate and as a measure of the 
ignition delay time. 

Keller and Westbrook were guided by this 
model in their study of the influence of fuel com- 
position on the behavior of pulse combustion [ 17]. 
They found that when the homogeneous chemical 
kinetic ignition delay time was shortened by 0.4 
ms, the pulse combustor became "detuned," sug- 
gesting that if the chemical kinetic ignition delay 

time were longer the pulse combustor would oper- 
ate more stably. Westbrook and Keller [ 18] applied 
this model to the search for a set of reactants that 
would modify the ignition delay time. They found 
that the addition of small amounts of N2 or CO2 
would significantly lengthen T k i n e t i  c . Since N2 is al- 
ready the major constituent of air, small amounts 
of N2 will cause negligible changes in the physical 
properties of the reactants; therefore only "/'kinetic 
(and therefore the total cycle time ~'to~) will be 
altered. Following the work of Keller et al. [2], 
Nz was chosen as a diluent to control 7"kineti c for 
this study. 

In the present work, the same kinetic model has 
been used to investigate the effect of homogeneous 
chemical ignition delay time (7"kinetic) o n  the magni- 
tude of the total ignition delay time. In the labora- 
tory combustor the quantity f is not a well-defined 
physical variable, since the intake of fresh fuel and 
air and the mixing with residual products is a very 
complex and poorly understood process. In per- 
forming the homogeneous chemical ignition delay 
time calculations, the quantity f was chosen so that 
the variability in Tkinetic agreed well with measured 
values, as will be discussed later. This value o f f  
was then used as a reference case from which f 
for each operating condition was estimated, based 
on the mass flow rate and on the frequency of 
operation, as described in Eq. 1. 

,,(r) 
f = fr~r ~ (l) 

Here Jr, rr, and Mr represent the mixing fraction, 
the characteristic cycle time, and mass flux, re- 
spectively, at the reference condition, and f ,  r ,  
and M represent the mixing fraction, the charac- 
teristic cycle time, and mass flux at the desired 
condition. In Eq. l it is assumed that f should 
scale linearly with the mass flux, since as the 
mass flux increases, the fraction of premixed re- 
actants in the combustion chamber also increases. 
The mixing fraction f should scale linearly with 
the characteristic cycle time, since the amount of 
reactants injected with each cycle decreases as the 
cycle time decreases. Therefore Eq. 1 represents a 
first-order correction to the value o f f  for changes 
in the mass loading and characteristic cycle time. 
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Fig. 2. Schematic of the valved pulse combustor. Dimensions are shown in millimeters. 

Experimental Facility 

Figure 2 presents a schematic of the combustor 
system used in this study. A one-way valve (flap- 
per valve) is located in the reactant supply line 
just upstream of the axisymmetric mixing cham- 
ber. This valve opens and closes depending on 
the pressure difference between the supply line 
and the chamber. In this work the combustor was 
operated in a premixed mode where the fuel and 
air were mixed upstream of the flapper valve. The 
injection system for this work was made so that 
the reactants were injected into the combustion 
chamber on axis is shown in Fig. 2. The reactants 
were introduced into the mixing chamber through 
an orifice plate with seven orifices creating seven 
small jets. 

The mean mass flow rates of the reactants were 
controlled and metered by the use of sonic nozzles. 
These flow rates are reported in terms of a mass 
flux that is calculated by dividing the measured 
mean mass flow rates by the cross-sectional area 
of the combustion chamber. 

The reactants flow from the mixing chamber 
into a square-cross-section combustion chamber 
75 mm on a side and 90 mm in length. A square 
contraction section follows the combustion cham- 
ber and joins the combustion chamber to the 
tailpipe. The tailpipe is made of a variable number 
of 200 mm sections, allowing the total length of 
the tailpipe to be altered. The tailpipe length for 
this work was chosen so that the domain of obtain- 
able total ignition delay times was centered about 
the delay time corresponding to maximum reso- 
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nance (see Keller et al. [2]); this criterion yielded 
a tailpipe length of approximately 600 mm. 

Diagnostics 

Measured ignition delay times were obtained 
through measurements of OH*, which, as noted 
above, is a measure of energy release rates. These 
measurements were obtained by placing a photo- 
multiplier tube equipped with a 310 + 10 nm filter 
at the focal point of a collection lens positioned 
to collect parallel light generated at 90 ° to the 
streamwise axis of combustion chamber. This po- 
sition, viewed normal to the axis of the combus- 
tor, provided a positionally unbiased, spatially in- 
tegrated measurement of the amount of OH* pro- 
duced in the combustion chamber. In addition to 
measurements of OH* chemiluminescence, mea- 
surements of characteristic cycle time and com- 
bustion chamber pressure were also obtained. The 
combustion chamber pressure was measured by a 
pressure transducer with a natural resonance fre- 
quency sufficiently fast to resolve the pulse com- 
bustor frequency. The pulse combustor character- 
istic cycle time was deduced from this measure- 
ment of pressure. 

The total ignition delay time was inferred 
from ensemble-averaged measurements of OH* 
chemiluminescence (denoted by (OH*)). These 
ensemble-averaged data are time-resolved with re- 
spect to the combustor cycle by phase-locking 
on the combustion chamber pressure. The refer- 
ence time 0 was chosen to be the downward-going 
zero crossing of the oscillating component of the 
combustion chamber pressure. All of the ensem- 
ble averages were performed over a minimum of 
1500 cycles, sufficient to minimize statistical un- 
certainty. Data at 20 discrete points throughout 
the combustor's cycle were obtained for the en- 
semble averages. Figure 3 shows a typical (OH*) 
curve plotted against cycle time normalized by the 
characteristic cycle time. Shown also is a typical 
combustion chamber pressure curve. The vertical 
arrow indicates the total ignition delay time de- 
fined as the first point of inflection in the (OH*) 
chemiluminescence data (02 (OH* ) /Ot 2 = 0). 
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Fig. 3. Typical normalized (OH' )  chemiluminescence and 
combustion chamber pressure versus normalized cycle time. 
The vertical arrow indicates the end of the induction period as 
defined to be the first inflection point in the (OH*) chemilu- 
minescence curve. 

EXPERIMENTAL INVESTIGATION 

Quantification of Characteristic Times Model 
Calibration 

The total ignition delay time was determined for 
two independent studies; in the first the charac- 
teristic mixing time ('/'mixing) was varied, and in 
the second the homogeneous chemical kinetic ig- 
nition delay time (rkinetic) w a s  varied. Recall that 
Keller et al. [2] established that the influence of 
these two characteristic times on the total igni- 
tion delay time is, at least to first order, indepen- 
dent of the other characteristic times in the sys- 
tem. Prom these studies information was obtained 
to calibrate the mixing model under conditions of 
constant chemical kinetic time and to calibrate the 
kinetics model under conditions of constant mix- 
ing times. 

The physical and chemical processes leading to 
ignition are highly coupled, temporally and spa- 
tially varying processes that involve turbulent mix- 
ing, injection rates, chemical kinetics, and so on. 
Nevertheless, although it is recognized that these 
important processes overlap to some extent in a 
nonlinear fashion, a significant amount of useful 
information can be extracted from the experimen- 
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tal results by treating the influence of processes 
as being independent. Mathematically, this type 
of analysis should be appropriate as long as the 
operating parameters are not changed too drasti- 
cally. For example, this type of analysis should 
not be expected to predict correctly the results of 
large simultaneous variations in both mixing rates 
and kinetic time scales. 

The functional form that combines these pro- 
cesses into a total ignition delay is not known. 
Following Spalding's eddy breakup model [19], 
where the turbulent burning rates are modeled 
as the sum of the characteristic times for tur- 
bulent mixing and chemical reactions, rtoul was 
calculated as the sum of "/'mixing calculated from 
the jet mixing model and "/'kinetic calculated from 
the homogeneous chemical kinetics model. This 
provides a worst case because the influence of 
both the mixing and chemical kinetics times on 
the total ignition delay time will be overestimated 
since these processes, in reality, occur simulta- 
neously. The conditions chosen for the calibra- 
tion of the mixing model [a mass flux of i.0 
kg/(s.m2)(4.549/s), an equivalence ratio of 1.0, 
and a diluent mass fraction of 0.1] were such 
that the magnitude of the chemical kinetic igni- 
tion delay time, calculated as discussed below, 
would be small (Tkinetic ~ 0.37 ms). Using this ap- 
proach, the adjustable parameter Cp~nt in the mix- 
ing model was fixed so that the calculated 7"total ap- 
proximately equalled the measured 7total. A value 
of Cpem -- 0.21 was found. This value is consis- 
tent with the improved mixing characteristics of 
pulsating turbulent jets [7, 9] and serves as the 
mixing model calibration used throughout the rest 
of the study. 

Shown in Fig. 4 are the data used to calibrate 
the chemical kinetics model. Plotted are the char- 
acteristic ignition delay times as calculated by the 
chemical kinetics model and as measured from the 
experiment for a wide range of diluent mass frac- 
tions and constant mixing times; hence the changes 
in the measured total ignition delay time are due 
only to the changes in the homogeneous chemi- 
cal kinetic ignition delay time. All the times pre- 
sented in Fig. 4 are time differences (the ignition 
delay time minus the ignition delay time at the low- 
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Fig. 4. Comparison between the difference in ignition delay 
times (r - r0 )  for varying amounts of diluent and constant mass 
flux l 1.0 kg/(s.m2)]. The mixture fraction f used in the chem- 
ical kinetics model was chosen so that the largest measured 
d:fference in total ignition delay time matched the calculated 
values. 

est diluent condition, r - r0). The largest overall 
time difference was used to fix the mixing fraction 
f .  Calibrating the chemical kinetics model in this 
way, f = 0.24. It should be noted that the homo- 
geneous chemical kinetics ignition delay time is an 
exponential function o f f ,  through the initial tem- 
perature, as discussed above and hence the agree- 
ment between the measured and the calculated ig- 
nition delay times shown in Fig. 4 is considered 
excellent. The discontinuity seen in the experimen- 
tal data in Fig. 4 will be discussed below. 

Fluid Dynamic Mixing Times 

The calculated mixing rates were compared with 
experimentally measured energy release rates. 
These two sets of curves are compared in Fig. 5 
for three values of the inlet mean mass flux. The 
solid lines represent (OH') ,  and the dashed lines 
represent the model calculations. These data were 
normalized so that the areas under the curve are, 
by definition, equal to unity. The conditions shown 
in Fig. 5 (equivalence ratio ~b = 1.0 and diluent 
fraction ff = 0.1) were selected so that the ho- 
mogeneous chemical ignition delay time could be 
assumed constant and small, making the measured 
(OH') chemiluminescence a good approximation 
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and the calculated fluid dynamic mixing rate for three differ- 
ent mass flux cases and constant N2 diluent (@ = 0.10) with 
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to the mixing rates in the combustor. In the mix- 
ing model, the mixing-dominated ignition delay 
time is defined in a fashion similar to that above 
in that it is the first point of inflection in the cal- 
culated mixing rate data. As shown in Fig. 5, the 
predicted values of mixing rates are in good agree- 
ment with the experimentally observed values. The 
model correctly predicts the onset of reaction and 
the end of the induction period. As the mass flux 
increases, rtot~ decreases. Close examination of 
Fig. 5 shows that the model predicts a stronger 
trend in the ignition delay time with mass flux than 
the experimental results show. The mixing model 
assumes a constant homogeneous chemical kinetic 
delay time; although care was taken to hold Tkineti c 
constant, it is indeed a function of mass flux. In 
fact, according to Eq. l, f increases as the mass 
flux is increased and thus Tkinetic increases. Hence, 
the measured results will not show as strong a 
trend with mass flux due to the competing effects 
wi th  T kinetic • 

Although the onset of reaction is predicted by 
the model, the computed curves are substantially 
broader than the experimental observations, indi- 
cating a longer duration for the energy release 
phase. It was not possible to reproduce the model 
conditions exactly with the experiment. The ex- 
perimental configuration used in conjunction with 

this model actually consists of an array of jets that 
inject reactants parallel to the axis of the pulse 
combustion chamber. In performing the mixing 
calculations, the possible interaction of these jets 
was neglected. This weakness in the correspon- 
dence between experimental and modeled config- 
urations may be the cause of the model's under- 
prediction of the burning rates. 

Chemical Ignition Delay Times 

A comparison between changes in the measured 
total ignition delay time rtot~ and the calculated 
homogeneous ignition delay time "rkinetic. calc was 
also made. In the reference case the instantaneous 
energy release rate occurs early in the cycle, prior 
to the peak in the pressure root mean square about 
the mean, P~s  (see Keller et al. [2]). The ki- 
netic ignition delay time is then retarded by adding 
N2 while maintaining constant mixing character- 
istics. The results are shown in Fig. 6. These 
data are for conditions of varying N2 concentration 
and constant mass flux and equivalence ratio ~ at 
1.0 kg/(s.m 2) and 1.0, respectively. Two overall 
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trends are observed. Starting with low amounts of 
N2, as the concentration of N2 is increased, de- 
creasing the amount of fuel, both Prms and the 
frequency decrease. The decrease in P r~  occurs 
because less energy is being released per cycle 
(due to dilution), and the frequency decreases be- 
cause the longer kinetic times lead to energy re- 
lease later and later in the cycle. 

This trend continues until the diluent fraction is 
approximately 0.2, where an instability occurs. At 
this point it was observed that the pressure P~m.~ 
suddenly increased by approximately a factor of 2 
and the operating frequency dropped significantly. 
As the amount of dilution continued to increase, 
the pressure maximum and frequency continued 
to decrease. In the instability region an interesting 
hysteresis phenomenon was found. It is possible 
that the instability region and hysteresis are a re- 
sult of changes in the shape of the instantaneous 
energy release rate. This is one of the subjects of 
our current research. 

Measurements of (OH*) for six cases with dif- 
ferent homogeneous ignition delay times are pre- 
sented in Fig. 7. Normalized /OH*) chemilumi- 
nescence is plotted as a function of normalized 
cycle time. As shown in the figure, as the amount 
of diluent is increased, the energy release rate 
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Fig. 7. Shown is (OH*)  chemiluminescence as a function of  
normalized cycle time. Six cases of  different N2 diluent mass 
fractions (if), and hence different homogeneous chemical ki- 
netic ignition delay times (rki~i=) are presented. These data 
were taken at a constant mass flux of  1.0 kg/(s.m2). 
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(depicted by the (OH*) chemiluminescence data) 
shifts later and later in the cycle. This is due to the 
fact that the homogeneous chemical kinetic igni- 
tion delay time is getting longer and longer. Also, 
as the amount of N2 is increased, the width of the 
(OH*) chemiluminescence curve increases. This 
effect is also due to the slower chemistry. The case 
with an N2 diluent fraction of 0.21 is repeated 
twice, showing the instantaneous energy release 
rate on the low (0.21-) and high (0.21 +) sides of 
the instability shown in Fig. 6. The shape of the 
(OH*) curve for 0.21 ~ is more peaked than the 
sinusoidal shape of the 0.21- case, indicating that 
the shape for maximum resonant pressure wave 
reinforcement is more peaked than sinusoidal. 

Total Ignition Delay Time 

The ability of these models to accurately predict 
the total ignition delay time was also examined. 
Figure 8 is a comparison of the calculated results 
from the fluid dynamic mixing, the chemical ki- 
netic models, the calculated total ignition delay 
time, and the measured ignition delay time. The 
behavior of both the calculated mixing time and 
the calculated homogeneous chemical kinetic time 
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with increasing mass flux rates is shown in the 
figure; the mixing model predicts that as the mass 
flux increases, the mixing time decreases, while 
the chemical kinetics model predicts the opposite 
trend for the kinetic time. 

The relative importance of the fluid dynamic 
mixing time and the homogeneous chemical ki- 
netic time can be seen in Fig. 8. The calculated 
homogeneous chemical kinetic delay time ranges 
from 5% to approximately 12% of the total cycle 
time, whereas the calculated mixing times range 
from 45% to 35% of the total cycle time. The mea- 
sured total delay time is almost constant at approx- 
imately 50% of the total. From these results it is 
seen that the fluid dynamic mixing time is on the 
order of 90% of the total ignition delay time and 
the homogeneous chemical kinetic ignition delay 
time makes up the remaining fraction. Since the 
chemical kinetics time represents a small fraction 
of the total ignition delay time, the error intro- 
duced by a linear assumption will not be large, 
and an estimate of the total ignition delay time 
can be made by simple addition of the character- 
istic mixing time and the homogeneous chemical 
kinetic ignition delay time. This calculation is also 
shown in Fig. 8. As a first-order approximation 
this linear assumption produces results in good 
agreement with the experimental observations. 

SUMMARY 

A systematic study of the quantification of char- 
acteristic times that contribute to the total ignition 
delay time in a pulse combustor has been per- 
formed. The total ignition delay time was mea- 
sured and calculated for a wide range of operating 
conditions. 

The fluid dynamic mixing time was measured 
by operating the combustor at conditions where 
the homogeneous chemical kinetic ignition delay 
time was constant and negligible with respect to 
the fluid dynamic mixing time. This measurement 
was used to fix the one adjustable parameter in 
the mixing model. The trends predicted by this 
model for these conditions closely resembled the 
trends found in the experiment. The influence of 
the homogeneous chemical kinetic ignition delay 

time was measured by maintaining the fluid dy- 
namic mixing time constant and varying the homo- 
geneous chemical kinetic ignition delay time over 
a wide range. These measurements were used to 
fix the one adjustable parameter in the kinetics 
model. 

Guided by previous work, which established 
that the characteristic times of interest in the pulse 
combustor contribute nearly independently to the 
total ignition delay time, a simple yet powerful hy- 
pothesis was developed. Not only are these times 
independent in their contributions to the total ig- 
nition delay time, but they can be added together 
linearly to obtain the total ignition delay time. This 
concept was successfully tested by direct experi- 
mental verification at conditions of varying homo- 
geneous chemical kinetic ignition delay time and 
varying fluid dynamic mixing time. The measured 
total ignition delay time and the sum of the cal- 
culated ignition delay times were found to have 
the same trend and shape and comparable values. 
Thus, the models, although simplifications of a 
very complex problem, have potential utility in 
the design and understanding of pulse combustion 
systems. 
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