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One-Dimensional Analysis of Liquid-Fueled
Combustion Instability

R. Bhatia* and W. A. Sirignanot
University of California, Irvine, Irvine, California 92717

A one-dimensional computational analysis is performed to investigate the liquid-fueled combustion instability.
The governing gas-phase equations in an Eulerian frame are solved using an implicit scheme based on the
implicit continuous-fluid Eulerian (ICE) method. The liquid-phase equations in a Lagrangian frame are solved
using the Effective Conductivity Model. Dirichlet boundary conditions are imposed at the combustor inlet, with
a time-dependent inlet gas velocity. Neumann boundary conditions with the short-nozzle approximation are
employed at the outlet. Spray characteristics, mixture ratio profiles, and combustor geometry are amongst the
parameters studied. Both stable and unstable modes of combustor operation are found. Under certain conditions,
limited cycle behavior of pressure, temperature, and velocity oscillations is obtained. The frequency of oscillation
is approximately the fundamental resonant frequency of a chamber with one closed end and one open end, and
is independent of the forcing function frequency. Large-scale temperature or entropy waves convected with the
gas velocity are seen for some cases. The parameter domains of stable/unstable combustor operation have been
plotted. Vaporization is rate controlling and the ratio of the period of oscillation to droplet heating time and
the ratio of residence time to droplet heating time emerge as important parameters.

Nomenclature
a — speed of sound
CD = drag coefficient
Cp = specific heat
2) = mass diffusivity
d — droplet diameter
EA — activation energy
Eu = Euler number
L_ = latent heat of evaporation, combustor length
M = average molecular weight of the gas-phase
rhi = mass vaporization rate
n = number of droplets
OER = overall equivalence ratio
p = pressure
Q = artificial viscosity
q = heat of combustion
Re = Reynolds number
r = droplet radius
S = source term in gas-phase equations
T = temperature
t = time
u = velocity
WCH = reaction rate
x = distance
Y = mass fraction
a = stoicliometric coefficient
/3 = viscosity coefficient
y = specific heat ratio
A = thermal conductivity
p = gas-phase density
r = artificial diffusivity coefficient, characteristic

time
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Subscripts
f
8
i
k
I
n
o

fuel
gas-phase
species /
/cth droplet group
liquid-phase
inert
oxidant

Superscripts
' = dimensional variable
* = reference variable

Introduction

C OMBUSTION instability is an important issue in the
development of liquid-fueled combustors and there ex-

ists considerable incentive to seek a better understanding of
this phenomenon. In general terms, the combustion instability
results from the coupling between the combustion and the
fluid dynamics of the system. Combustion of fuel vapor pro-
vides oscillatory energy input through this coupling. The os-
cillations can decay if the damping processes are sufficiently
large to dissipate the oscillatory energy more rapidly than it
is supplied. The rate of combustion in liquid-fueled ramjets
is controlled by the vaporization rate of the fuel spray which
is dependent on the spray characteristics, properties of the
fuel, heat and mass transfer rates, etc.

In the time lag theory, developed by Crocco,1 the overall
time lag from the injection to vaporization and combustion
is used to predict instability occurrences. The efforts of the
rocket research society are reviewed in Harrje and Reardon.2
Other earlier studies3"6 concentrated on analytically studying
the vaporization as a rate-controlling mechanism for insta-
bility. Either the liquid thermal inertia was treated as infi-
nite,2"4 or the liquid temperature was assumed uniform
throughout the droplet interior.2-5-6 This led to overestimation
of the thermal inertia of the liquid. These studies did not
provide convincing evidence of vaporization as the driving
mechanism for the instability. Since then, great progress has
been made in treatment of transient heating and vaporization
of the fuel droplets in air-breathing combustors.7 Recently,
Tong and Sirignano8 examined the response of a vaporizing
droplet to oscillating ambient pressure and velocity condi-
tions. They report a substantial oscillatory response of the
vaporization rate. However, the liquid droplet vaporization
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model used there is strictly limited to high droplet Reynolds
number and becomes inaccurate as the relative droplet-gas
velocity decreases to small values or changes sign. There has
been renewed effort to understand the mechanism of com-
bustion instability in liquid-fueled systems. Amongst these are
the efforts of: Culick et al.9-11; Kailasanath et al.12; and Hedge
et al.13

Many authors9-11"13 have considered the interaction of vor-
tex structures and acoustic waves to be the dominant mech-
anism in ramjet combustion instability. Some experimental
and theoretical evidence points to the plausibility of this mech-
anism. However, that research excludes a priori the role of
spray combustion by considering gaseous fuels. In practice,
there is substantial scientific reason to believe that the rela-
tively crude fuel injection system of a ramjet results in spray
vaporization becoming a controlling factor. For example, spray
vaporization is found to be controlling in other combustion
systems with much more sophisticated fuel injection and
atomization. This study is an attempt to examine the impor-
tance of spray vaporization in an oscillatory combustion sit-
uation.

The objective of this computational study is to gain fun-
damental understanding of the effects of various design pa-
rameters on the stability of the combustion process in liquid-
fueled systems. The inlet conditions do not relate precisely
to a practical combustor. However, our model system has the
general characteristics of a liquid-fueled ramjet and general
conclusions drawn from these calculations should apply to
ramjets. Spray characteristics, mixture ratio profiles, and
combustor geometry are amongst the more interesting pa-
rameters investigated. Effort has concentrated on the un-
steady solution for the gas and liquid phases, evaluation of
the effects of inlet gas velocity perturbations, and the coupling
between gas and liquid phases under perturbed conditions.
The present study is limited to one-dimensional fluid me-
chanics and longitudinal instabilities only.

The one-dimensional, unsteady, compressible flow is de-
scribed by Eulerian gas-phase conservation equations, and
Lagrangian liquid-phase equations which are based on
Abramzon and Sirignano.14 This liquid-phase model has the
advantage of remaining valid for lower values of droplet Rey-
nolds number including the situation where the relative gas-
droplet velocity changes sign. The gas-phase conservation
equations are solved using a modified Implicit Continuous-
fluid Eulerian (ICE) method due to Harlow et al.15 and West-
brook and Chase.16 Dirichlet boundary conditions are used
at the combustor inlet, and, at the outlet, Neumann boundary
conditions along with the short-nozzle approximation are
specified. The details of the formulation and the solution
method are presented in the following sections.

Physical Model and Formulation
The physical model studied is a simplified, one-dimensional

approximation of a ramjet combustion chamber (Fig. 1) in
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Combustor Lengths (L)
Inlet Gas Velocity
Inlet Liquid Velocity
Inlet Gas Temperature
Inlet Liquid Temperature =350 K
Inlet Gas Pressure = 10 atm
Exit Mach Number = 0.08

x= L
= 25, 50,100,150cm
= 5000 cm/s
= 2000cm/s
= 1000K

which vaporization and combustion of liquid spray occurs.
Monodispersed, monocomponent liquid spray is assumed. The
gas-phase is taken as unsteady, subsonic, compressible, and
exchanges mass, momentum, and heat transfer with the liq-
uid-phase. The basic set of equations in the Eulerian approach16

includes continuity, momentum, chemical species, energy and
an equation of state for the gas phase. The nondimensional
set of gas-phase equations is summarized below, along with
source terms for each equation, which model the interaction
between the gas and the liquid phases. Here, the variables
are nondimensionalized by reference length (L*), velocity
(w*), time (t* = L*/M*), pressure (/?*), temperature (T*),
density (p* = p*/RuT*), and specific heat (C*)

5
(pu) + Su (2)

dT ST L 1 \ 1
+ M = !-

pCp

p = pTIM (5)

where r is artificial diffusivity coefficient15 and Q is artificial
viscosity.16 In all of our calculations, the artificial diffusivity
and viscosity coefficients are set to zero. Further, we have

Eu = /?*/(p*w*2)

(6)
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Fig. 1 Physical model of the combustor.
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The Lagrangian formulation of the liquid-phase equations
is based on the Effective Conductivity Model.14 This droplet
model assumes quasi-steadiness in the gas film and employs
the one-third-averaging rule to evaluate the gas-mixture prop-
erties. The assumptions of unity Lewis and Prandtl numbers
have been removed. The effect of Stefan flow on the heat
and mass transfer is modeled by a correction on the film
thickness. For efficient computational time and accuracy, an
"effective" value of the liquid thermal conductivity is used to
account for the internal circulation within the droplet. Note
that the vaporization model accounts for the droplet drag and
the heat and mass transfer with the gas-phase. The equations
are summarized here.17 The droplet trajectory is given by

with the boundary conditions

d*
= U,

where x is the position of the center of the droplet, and Ul is
the droplet velocity given by

dUi _ _3_ f-i (U - Uf)
dt ~ 16 p, rj

Re =

Rp213

C = — I 1 +°D to [ 6

The droplet radius is governed by

dr, .
— = -mj^irprf)

(19)

(20)

(21)

(22)

The instantaneous droplet vaporization rate is given by

m, = 27rpg&grlSh /„(! + BM) (23)

The Sherwood number for a nonvaporizing sphere is18

Sh0 = ! + (! + ReSc)mf(Re) (24)

where f(Re) = 1 at Re < I and f(Re) = Re™77 at 1< Re <
400. To account for Stefan flow due to droplet regression,
the modified Sherwood number is calculated as

Sh = 2 + (Sh0 - 2)/FM

where the correction factor is given by

BM)

The mass transfer number is calculated as

(25)

(26)

(27)

Heat transfer inside the droplet is governed by the transient
heat conduction equation for the spherically symmetric drop-
lets

dT = i a
ar p/c^/r2 a/- (28)

dT
at the droplet center, r = 0; — = 0 (29)

at the droplet surface, r = /-/(f); — = Q,
dr 4<7rA,r,(02 (30)

The effective liquid conductivity is given as a function of the
liquid Peclet number

A f (Pe\~\-f = 1.86 + tanh 2.245 loglo —M (31)
A/ |_ \ 3U / J

The liquid fuel studied is n-decane. The simplified one-step
chemical reaction mechanism is given by

C10H2 15.5O2-» 10CO2 + 11H2O (32)

The overall reaction rate is given by the following expression19:

W' = A
\M/J

f ] exp(-EA/RT) (33)

Initial and Boundary Conditions
Dirichlet boundary conditions are used at the combustor

inlet, where mass flow (time-dependent), gas temperature,
and species concentration are specified. The inlet pressure is
determined by taking the inlet stagnation pressure to be con-
stant. Overall equivalence ratio is specified at the inlet.

At the outlet Neumann boundary conditions are used, where
zero gradients of the density, temperature, and species con-
centration are employed. The short-nozzle approximation at
the combustor outlet (entrance to the nozzle) allows the exit
Mach number to be constant.20

Initially, the gas-phase temperature, velocity, pressure, and
species concentration are specified. For the liquid-phase, the
droplet radius, location, velocity, and temperature are spec-
ified*

Solution Procedure
The numerical solution is based on the modified ICE

scheme.15-16 The salient features of this staggered-grid scheme
are advanced time (implicit) treatment of density in the equa-
tion of state, of density, and of velocity in the continuity and
momentum equations, of temperature and pressure in the
energy equation and of density and concentration in the spe-
cies equation. The continuity and momentum finite-difference
equations are combined, the equation of state is introduced,
and the resulting equation is solved for the advanced density.
Trial runs with various mesh sizes indicated the presence of
some numerical diffusion when using a coarse grid. Conse-
quently, a finer grid (201 nodes for 50 cm combustor length)
has been employed, and all results presented are grid inde-
pendent.

Results and Discussion
Results from several cases covering a wide range of param-

eters are obtained. In all cases, the approach is to start the
combustor at time t = 0 when the first droplet group is in-
jected. After the combustor reaches a steady operating state
at about three times the residence time based on inlet gas
velocity, the inlet velocity is perturbed by forcing a sinusoidal
cycle with an amplitude of ± 20% of the steady velocity. After
one cycle, the forced flow ceases and the combustor is free
to oscillate. In some other cases, continuous oscillations are
imposed on the inlet gas velocity. The parameters survey
includes droplet sizes of 15, 25, 50, 75, and 100 jam, overall
fuel equivalence ratios of 0.15, 0.3, 0.5, and 0.7, and com-
bustor lengths of 25, 50, 100, and 150 cm. Some runs have
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Table 1 Summary of results, overall equivalence ratio = 0.3

r,
(^m)

15
25
50
75

100

15
25
50
75

100

Result
Low/ High/

stable
stable
stable
stable
stable

stable
stable
stable
w. unstab.
stable

stable
stable
unstable
stable
stable

stable
stable
unstable
w. unstab.
stable

Max.
Max. temp. pressure Frequency (Hz)

(K) (aim) Low High

1665
1620
1500
1590
1425

1710
1620
1490
1460
1680

Length = 25 cm
13.1 —
12.9 —
12.5 —
13.1 —
12.3 —

Length = 50 cm
13.0 —
12.9 —
12.4 —
12.7 70
13.2 —

_
—

2833
1910
1420

801
772
756
729

1435

Oscillations (±%)
Low/ High/

p T u p T u

0
0
0
0
0

0
0
0
7
0

0
0
0
0
0

0
0
0

15
0

0
0
0
0
0

0
0
0
6
0

0
0
1
0
0

1
2
2
1
4

0
0
3
3
3

0
0
2
2
4

5
3

21
1
3

3
2

20
7
3

Length = 100 cm
25 stable stable 1630 12.9 —
50 stable unstable 1500 12.6 —
75 w. unstab. unstable 1290 11.4 85

100 unstable unstable 1350 10.6 39

Length = 150 cm

392 0 0
392 0 0
364 3 6
342 10 17

0 1 0 1
0 2 1 10
8 2 0 1 3

12 2 0 25

25
50
75

100

stable
stable
w. unstab.
w. unstab.

stable
w. unstab.
unstable
unstable

1650
1500
1275
1125

12.9
12.5
11.4
10.6

—
—
69
40

255
247
213
212

0
0
3
3

0
0
8
4

0
0
8
9

1
3
1
3

0
0
0
0

3
9

13
12

Note: Classification of stability is based on velocity oscillations as follows:
Stable for 0% < Aulu < 5%.
Weakly unstable for 5% < Aulu < 10%.
Unstable for 10% < Aulu.

Table 2 Frequency comparison for OER = 0.3

r*
/zm

15
25
50
75

100

r.f.a frequency,
Hz for

lengths, cm
50 100 150
820 — —
795 405 270
750 380 255
755 355 240
755 350 235

Frequency
corresponding to
droplet heating

time, Hz
1350
490
120
55 -
30

rp/Tdh for
lengths, cm

50 100
1.69 —
0.64 1.25
0.16 0.31
0.08 0.15
0.04 0.09

150
_

1.92
0.48
0.26
0.14

aResonant fundamental.

been made with a larger amplitude of perturbation (±35%
of the inlet velocity) and these resulted in similar combustor
behavior to that for a ±20% perturbation.

Several frequencies of the forcing function are used. After
one forced cycle of perturbation of the inlet velocity, in all
cases, it is observed that the combustor returns to its natural
frequency of oscillation. Hence, it is concluded that when the
combustor is free to oscillate, the frequency of oscillation is
independent of the frequency of the perturbation function,
and, in our results, it is solely determined by the length of
the combustor, the droplet size, and the overall equivalence
ratio. These results are summarized in Table 1. The natural
frequency is found to increase with increasing overall equiv-
alence ratio, decrease with increasing droplet radii, and de-
crease with decreasing length. Also, this frequency is deter-
mined to be very near the fundamental resonant frequency
of the combustion chamber. Results for equivalence ratio of
0.3 and 50 cm combustor length are summarized in Table 2.
Here, the fundamental resonant frequency is estimated by
integrating the temperature profile to obtain the mean speed
of sound, and then/ = al(2L).

At the lower overall equivalence ratio of 0.3 and for a
combustor length of 50 cm, the oscillations, after a cycle of

perturbation, dampen and ultimately disappear for lower
droplet radii of 15 and 25 /mi. Fig. 2 shows velocity and
pressure oscillations at different locations along the length of
the combustor, for a droplet radius of 25 jitm. The oscillations
are observed to decay completely (within ±5% of the mean
value) in about ten cycles. For the cases of 50- and 75-/mi
droplets, the startup transient oscillations themselves do not
decay completely. In these cases limit cycle behavior is seen,
with the magnitude of oscillations dependent upon droplet
size. Fig. 3 shows velocity, pressure, and gas flow rate oscil-
lations for the case of 50-/mi droplets. Note here that an
oscillating-limit-cycle solution results with the magnitude of
the velocity oscillations about ±20% of the mean value. The
case of 100-jam droplet size is found to be weakly unstable,
with relatively small oscillations.

With the overall equivalence ratio increased to 0.5, even
the previously stable cases (15- and 25-/mi radii droplets)
result in weakly oscillating solutions, along with 50-, 75-, and
100-/mi cases which are again unstable. At an equivalence
ratio of 0.7, all the droplet sizes were found to result in strongly
unstable solutions. These trends suggest that the amplitude
of the limit cycles increases with equivalence ratios. This trend
is similar to recent experimental observations21 indicating large
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0 10 5020 30 40
Time (ms)

Fig. 2a Velocity: For L = 50 cm, OER =• 0.3, r, = 25 /im.

1.5

60

20 30 40
Time (ms)

Fig. 2b Pressure: For L = 50 cm, OER = 0.3, r, = 25 /urn.

pressure oscillations for higher equivalence ratios, typically
over 0.6. Also here, the oscillations start showing overtones
and the frequency rises.

The effect of increasing length of the combustor is to cause
a proportionate decrease in the natural frequency. The am-
plitude of the oscillations decreases somewhat for the 50-/im
droplet cases, in varying the combustor length from 50 cm to
100 cm. At 150-cm length, the 50-jton case becomes almost
stable. However, this is not true for the 100-/xm droplet case,
where the amplitude of the oscillations first increases and then
decreases, with increasing combustor length.

Evidence of standing pressure waves in the combustion
chamber has been observed. See Fig. 4, which shows the
pressure profile in the combustion chamber as a function of
time.

In Fig. 5, a comparison of the integrated vaporization and
burning rates is provided. It is clear that the vaporization and
burning rates are very close in magnitude and, hence, va-
porization is rate controlling. The different asymptotic values
(about 10% difference) of the vaporization and burning rates
in Fig. 5 result from numerical error associated with inte-
grating the step-like values of the rates.

0 10 5020 30 40
Time (ms)

Fig. 3a Velocity: For L = 50 cm, OER = 0.3, r, = 50 /im.

1.5

60

20 30 40
Time(ms)

Fig. 3b Pressure: For L = 50 cm, OER = 0.3, r, = 50 ;
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Fig. 3c Gas now rate: For L = 50 cm, OER = 0.3, r, = 50 fan.
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Fig. 5 Vaporization and burning rates: For L = 50 cm, OER = 0.3,
r, = 50 fjim.
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Fig. 6b Pressure: For L = 50 cm, OER = 0.3, r, = 75 /urn.

Also for the 75-/xm case, the presence of a "dark" region
is clearly observed, which is.convected downstream with the
gas velocity, as shown in Fig. 6 which gives temperature and
pressure oscillations for an equivalence ratio of 0.3. The dark
region indicates the presence of gases at lower temperatures.
This is in accordance with Crocco and Cheng1 who explain
this as local temperature oscillations (and thus local entropy
oscillations) which propagate at the speed of mass motion.
The amplitude of the temperature oscillations associated with
these waves is very large. Similar behavior is observed to a
smaller extent with 50-jum droplet radius and to a similar
extent with lOO-^m droplet radius at equivalence ratios of 0.5
and 0.7 (See Fig. 7.)

When continuous oscillations are imposed on the inlet gas
velocity, resonance occurs if the forcing function frequency
is close to the natural frequency of the combustor. The results
for these cases, where the oscillatory perturbations on the
inlet gas velocity were continued for ten cycles, is shown in
Fig. 8. The rate at which these oscillations grow is dependent

upon the frequency of the forcing function and the droplet
radius.

Three distinct frequencies of oscillations, which may exist
simultaneously, are seen in our results. The one prevalent
frequency is the fundamental resonant frequency of the com-
bustor, which is of order of 800 Hz. This frequency is always
present in cases which are unstable. A lower frequency of
about 100 Hz is also observed for larger (i.e. 75 and 100 jtun)
droplets. This frequency corresponds to the gas residence time
in the combustor. And at higher equivalence ratios, we see
frequencies of order of few thousand Hz, which correspond
to the injection frequency of the droplets. Note that the in-
jection frequency is an artificial numerical result. Figure 9
shows the case of 50-/mi droplets at an equivalence ratio of
0.5, for which the fundamental resonant frequency is about
865 Hz and the injection frequency is about 3400 Hz. Here,
we can see the primary mode of oscillation (fundamental)
which is at 870 Hz. We also see the injection frequency and
some other large frequencies of a few thousand Hertz; these
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Fig. 7a Temperature: For L = 50 cm, OER = 0.5, r, = 100 pm.
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Fig. 7b Pressure: For L = 50 cm, OER = 0.5, r, = 100 ptm.

possibly result from the coupling of acoustic and injection
frequencies. Also in Figs. 6 to 7, along with low-frequency
oscillations, which are of the order of 100 Hz, we see smaller
oscillations corresponding to twice the acoustic frequency or
about 1800 Hz.

These results are summarized in Figs. 10 to 13 which map
the domains of stable/unstable combustion with the droplet
radius, the combustor length, and the overall equivalence
ratio as the parameters. Figure 10 shows the domain as de-
termined by the droplet radius and the combustor length.
With increase of the droplet size for a fixed combustor length,
the combustion passes from stable to unstable and back to
stable. Also evident is the effect of the combustor length. At
the lower droplet radius of 50 /mi, increasing length moves
the combustion process from unstable to stable, whereas the
opposite is true at the higher droplet radius of 100 /mi. In
Table 2, we have estimated the characteristic time for droplet
heating and thus determined the characteristic frequency cor-
responding to droplet heating time. Here, the characteristic
time for droplet heating for the n-decane droplets burning in

11.0
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9.0

f 8.0

& 7.0

0

4.0

3.0

2.0,

x/L = 0
-—- x/L =1/2

30 35 40 45 50 55 60
Time (ms)

Fig. 8 Continuously forced gas velocity perturbations for ten cycles:
For L = 50 cm, OER = 0.3, r, = 15 /Ltm.
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Fig. 9 Gas flow rate: For L = 50 cm, OER = 0.3, r, = 50 /urn.
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Fig. 10 Domain of stable/unstable operation: Droplet radius and com-
bustor length. Points shown correspond to OER = 0.3. Numbers in
parenthesis indicate rplrdh.
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Fig. 11 Domain of stable/unstable operation: Droplet radius and
equivalence ratio. Points shown correspond to L = 50 cm.
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Fig. 12 Domain of stable/unstable operation: Combustor length and
equivalence ratio. Points shown correspond to r, = 50 /itm.

1000 K air at 10 atm pressure is estimated as rdh ~ (PiCp I
Xg)rj * #,11.22 * 10-°6 (m2 - s/m2). With fixed combustor
length and increasing droplet radius, the characteristic time
associated with the droplet heating increases. In some inter-
mediate droplet radius range, it matches with the character-
istic acoustic period so that the droplet vaporization can excite
the acoustic modes. At higher droplet radii (75 and 100 jum),
the low-frequency oscillations begin to get excited and this
phenomenon is explained later. The characteristic time as-
sociated with the acoustic frequency, ra ~ L, and this explains
the increase in the stable region on increasing the combustor
length. Also shown in Table 2 and Fig. 10 is the ratio of
characteristic times for the oscillations to that for the droplet
heating (rp/Tdli). For unstable high-frequency cases, rp/rdh is
in a range from 0.08 to 0.48. The points in the center of the
unstable range vary between 0.14 and 0.16. Therefore, we
take 0.15 as the most unstable value of the ratio. Tong and
Sirignano,8 in their study of response of a vaporizing droplet
in unstable combustor report a maximum gain occurring for
oscillations of frequency 200 Hz for 100-ju,m droplets. Using
a characteristic frequency of 30 Hz for 100-)nm droplet heating
(from Table 2), we obtain rplrdh = 0.15, for the Tong-Sir-
ignano calculation, which reinforces our result.

Figure 11 shows the domain as determined by the droplet
radii and the overall equivalence ratio. The domain for un-
stable operation becomes larger at higher equivalence ratios,
as the overtones get excited. The situation is further compli-
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(20)
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Combustor Length (cm)

X Unstable + Weakly Unstable

Fig. 13 Domain of stable/unstable operation for low frequency os-
cillations only: Droplet radius and combustor length. Points shown
correspond to OER = 0.3. Numbers in parenthesis indicate rflrdh.

cated by the interaction of the simulated injection process.
For a fixed rate of injected fuel, the combustion process passes
from stable to unstable at lower droplet radii, and again be-
comes stable at higher droplet radius. Figure 12 shows the
stability limits as a function of the combustor length and the
overall equivalence ratio. For a given droplet radius, the com-
bustion passes from a stable to an unstable region with in-
crease in the equivalence ratio. In Fig. 13, we isolate the low-
frequency oscillations from the high-frequency ones. The fig-
ure shows that the low-frequency oscillations are important
only in the cases of higher droplet radii. Also shown in the
figure is the ratio of characteristic times for residence, taken
as Tf = 2Llug inlet, to the droplet heating time. It is inferred
that, to excite the low-frequency modes, the characteristic
time for the liquid droplet heating has to correspond to the
residence time, or Tflrdh — 1.0.

In our calculations, the Mach number at the combustor exit
is fixed at approximately 0.08. Some runs with a higher Mach
number indicate a reduction in the amplitude of oscillations.
Finally, it is noted that a one-dimensional study cannot resolve
transverse transport and mixing. Hence, the related important
issues of multidimensional geometry, turbulent transport, vortex
shedding, and their interactions with the acoustic oscillations
cannot be studied in this model. Other straightforward ex-
tensions of the work include using poly disperse and/or mul-
ticomponent sprays.

Conclusions
Certain general conclusions can be drawn.

1) Vaporization is rate controlling in the one-dimensional
simulation where turbulent mixing and transverse transport
are not considered.

2) The combustion process can occur in either a stable or
unstable mode. In the unstable mode, limit-cycle behavior of
pressure, temperature, velocity, and gas-phase mass flow rate
will occur. The magnitude of these limit-cycle oscillations is
determined by the combustor geometry, spray characteristics
and the overall equivalence ratio.

3) Low-frequency or entropy oscillations result when the
characteristic time for droplet heating is close to that for the
gas residence. High-frequency oscillations result when the
ratio of characteristic time for period of oscillation to droplet
heating is close to 0.15.

4) The frequency of free oscillations is very close to the
fundamental resonant frequency of the combustor, at lower
equivalence ratios. At higher equivalence ratios, overtones
are present.

5) The frequency of the initial perturbation function has
a small effect on the combustor oscillations. When the forcing
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function is removed, the combustor oscillations return to their
natural frequency within a few cycles of oscillation.

6) In cases where the damping of excited acoustic oscil-
lations occurs, the excitations tend to dampen in about 10
cycles.

7) The variation of droplet size, for the same equivalence
ratio and combustor length, has a profound effect on the
combustor stability. A range of droplet radii for which the
combustion is unstable is observed. Below and above this
range of droplet size, no limit-cycle behavior is present. This
indicates the importance of spray combustion.

8) An intermediate range also exists for combustor length,
like the droplet radii, where the combustor operation is un-
stable.

9) Increasing the equivalence ratio enlarges the domain
of unstable operation. All droplet radii and combustor length
cases, in the range of the calculations, are unstable for the
equivalence ratio of 0.7.

10) When the inlet gas velocity is continuously excited,
resonance occurs for an excitation frequency close to the com-
bustor natural frequency.
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