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ABSTRACT

Pressure oscillations in liquid-fueled ramjet engines have been studied both
analytically and numerically within the low frequency range. We examine first the
linear unsteady motions in coaxial-dump configurations. The flowfield in the dump
combustor is approximated by division into three parts: a flow of reactants, a
region containing combustion products, and a recirculation zone, separated by two
infinitesimally thin sheets: the flame and the vortex sheets. The three zones are
matched at these sheets by taking into account kinematic and conservation rela-
tions. The oscillatory field in the inlet is coupled to the field in the combustor at
the dump plane to determine the complex frequencies characterizing the linear
stability of the engine. Favorable comparison with the experimental data obtained

at the California Institute of Technology has been obtained.

Numerical analysis has been applied to investigate the nonlinear behavior of the
shock wave in the inlet diffuser. Both viscous effects and the influences of injecting
fuel/air mixture are accounted for. The response of a shock wave to various distur-
bances, including finite and large amplitude oscillations, has been studied in detail.
The results obtained serve as a basis for aﬁalyzing the stability characteristics of

the inlet flow.

Numerical calculations have also been conducted for the pressure oscillations in
side-dump ramjet engines. The flowfields have been constructed in two regions: the
inlet section, including a region of fuel injection, and a dump combustor. Each
region is treated separately and matched with the other at the dump plane. Follow-
ing the calculation of the mean flowfield, the oscillatory characteristics of the
engine are determined by its response to a disturbance imposed on the mean flow.
Results for the frequencies and mode shapes have shown good agreement with the

experimental data reported by the Naval Weapons Center, China Lake.
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Chapter 1
INTRODUCTION

Recent developments in liquid-fueled ramjet engines led to serious difficulties
with pressure oscﬂla.tmns.l'2 Disturbances of this type, called generically combus-
tion instabilities, are a consequence of the sensitivity of combustion processes to
local pressure’and velocity fluctuations. If compensating influences acting to
attenuate the oscillations are weak, then unsteady motions in the flowfleld may
reach sufficient amplitude to interfere with proper operation. Table 1.1, taken from
reference 2, presents some practical examples in which pressure oscillations have

serious impact on engine development programs.

Several modes of oscillations have been observed. They are classified as
transverse, longitudinal, and bulk modes according to the frequency range and spa-
cial structure. Because the driving mechanism is ultimately associated with
combustion and characteristic features of the inlet and the combustor flows, this

classification is best based on the oscillatory flowfields in the combustion chamber.

Transverse mode oscillation, also known as screech instability, may enhance
heat transfer to engine components and therefore compromise engine performance

3 carried out experiments in a two-dimensional

and durability. Rogers and Marble
ramjet combustor. They found that in the presence of screech, vortices were shed
at the flame attachment points, distorting the flame front as they were swept down-
stream. A mechanism for the screeching oscillations was proposed, based upon
transient combustion in the vortices. In spite of the potential detrimental
influences, this mode of oscillation can be controlled effectively with a flow obstruc-

tor such as baffie or a damper such as acoustic liner, and no longer be considered

as a major design problem.
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For contemporary ramjet engines, the low frequency oscillations, including both
bulk and longitudinal modes, seem to be most troublesome. It may interact with
the inlet shock structure and reduces the stability margin of the system. In the
worst situation, the shock is displaced out of the inlet diffuser, leading to failure of
the mission. The purpose of this thesis is to examine the unsteady behavior of ram-

jet engines within the low frequency range.

The basic ramjet configuration illustrated in Figure 1.1 includes a shock wave
system at the entrance, an inlet diffuser, a fuel injection system, a dump combus-
tor, and an exhaust nozzle. Air is delivered to a supersonic diffuser, decelerates
externally through an oblique shock wave attached to the ramp, then becomes sub-
sonic after passing through the terminal shock wave. Either fuel or fuel-air mix-
ture, depending on the injector and atomizer used, is injected into the main flow
downstream of the shock system to provide the necessary combustible mixture.
The combustion processes in the dump combustor are extremely complicated,
involving turbulent mixing, droplet vaporization, flame propagation, shear layer,
recirculating flow, and finite-rate chemical kinetics. Attempts to model these com-
plicated phenomena have been made for over three decades; understanding
remains poor. Most of the past work concentrated on investigation of the mean
flowfields in the combustor; information available on the treatment of the unsteady
flowfields is limited. An excellent review paper concerning the computer modeling

of the steady combustion in ramjet combustor has been given by Lilley.A‘

Experimental investigations of low frequency oscillations in ramjet engines have
been recently conducted by several research organizations. The results obtained
have provided information about the effects of combustor configuration, fuel
management, and inlet system on the overall instability processes. Jarosinski and
Wojcick15 considered the low frequency combustion instability in a dump combus-

tor which is connected upstream to an acoustic resonator. Shadowgraphs and
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motion pictures were taken, and measurements were made of the pressure, velocity
and local chemi-ionization. They concluded that the combustion instability of this
type is closely related to the instability of laminar flames although the combustion
processes are distributed throughout much of the volume.

8 summarized the features of the pressure oscillations in two liquid-fueled

Rogers
engines having very different geometrical configurations. One had an coaxial dump
with a single inlet, and the other had two inlets with a side dump arrangement.
Significant differences appear in the structure of the oscillations excited in the
combustion chamber. Schadow and co-works have studied'?'9 oscillations in several
research dump combustors with special attention focused on the inlet
shock/acoustic wave interaction. The entire device was extensively instrumented
during testing. Two kinds of data have been taken under various operational condi-
tions: the acoustic wave structure and the properties of the inlet shock. In refer-

ences 10 and 11 results for various dual side-dump ramjet combustors were

reported.

So far, most analytical treatments of low frequency motions in ramjet engines
employed linear perturbation techniques, giving results valid in the lixﬁit of small
amplitudes. Nonlinear analysis has not yet been applied to this subject although
some numerical solutions of nonlinear governing equations have been obta.ined.12

Culick and Rogers18

gave the first detailed analysis with both inlet and combustor
accounted for. Some formulas were given for frequencies and mode shapes approx-
imating the oscillations which had been observed in two engines. The combustion
processes were accommodated in a crude fashion, not treated in detail. Later, Yang
and Culick'?# constructed a one-dimensional analysis using an integral formulation.
A more realistic model of the mean flowfield and a proper treatment including the

inlet diffuser were included. Favorable comparison of calculations with experimen-

tal data for the amplitude and phase distributions in an axial laboratory device
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12 also carried out a numerical analysis for dual

were acquired. The same authors
side-dump ramjet engines. The detailed information obtained provides a better
understanding of the flowfields, especially for finite and large amplitude oscilla-

tions. Reardonls

applied a combustion time lag model, originally developed for
dealing with bulk oscillations in liquid propellant rockets, to the corresponding
ramjet problems. In reference 18 the rumble (bulk mode) oscillations in a coaxial
dump combustor have been investigated by considering the interplay of entropy

and acoustic waves. The acoustic field in the inlet is represented as a leftward trav-

eling wave, the reflection process of the shock being ignored.

Because observations of the unsteady behavior suggest that the low frequency
oscillations do not involve significant transverse motions anywhere in the engine,
the work reported here is based on a quasi one-dimensional model. We start with
an analytical linear analysis, followed by a numerical nonlinear analysis. In
Chapter 2 a simple linear stability model accommodating both acoustic and
entropy fluctuations is presented to identify the acoustic modes associated with
pressure oscillations. The engine is approximated by division into two parts: the
inlet section and the combustion chamber. Each region is treated separately and
then matched with the other at the dump plane. The combustion zone is assumed
to be acoustically compact, its unsteady behavior being represented by the Crocco's
sentitive time-lag hypothesis.” As a first approximation, we ignore the cross sec-
tional area change in each section and assume the mean flowfields to be uniform.
The oscillatory field is therefore the superposition of two simple plane acoustic
waves running downstream and upstream, and an entropy wave carried with the
mean flow. Combination of these wave equations with the proper boundary condi-
tions at the shock wave and the entrance of the exit nozzle forms a well-posed prob-

lem for the unsteady motion.
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While this analysis provides reasonable solution for the frequencies and mode
shapes, it is seriously incomplete not including, among other things, treatment of
the mean flowfield in the combustor. Chapter 3 is devoted to correcting this
matter. It is intended to develop a suitable simple and realistic model accommo-
dating the fundamental features of the flowfield in the combuster, including the
flame front, the shear layer, and the recirculating flow. For low frequency oscilla-
tions, the flame front and the shear layer can be represented adequately by two
infinitesimally thin sheets: the flame and the vortex sheets respectively. The
flowfield is, accordingly, decomposed into a flow of reactants, a region containing
combustion products, and a recirculation zone, as shown in Figure 1.1. The three
zones are then matched at those sheets by taking into account conservation and
kinematic relations. Determination of their shapes is part of the solution. The
unsteady motions are treated within linear acoustics and approximated as quasi

one-dimensional motion in each region.

In Chapters 2 and 3 the oscillations are confined to the small amplitude regime
where linear analysis is properly used. The main results of the analysis are fre-
quencies, growth rates, mode shapes, and perhaps more important, the first step
towards nonlinear analysis. For many practical cases, the flowfields involve
finite/large amplitude motions in which nonlinear effects play essential roles. It is
of fundamental importance to answer such questions as: how does the flowfield
respond to a disturbance with finite or large amplitude? and how does an initially
small amplitude disturbance grow and finally reach certain limiting value?
Officially, this can be achieved using either asymptotic expansion method or numer-
ical technique. Each method has advantages which are complementary to the
other. A fruitful discussion of an asymptotic expansion method has been recently

418

given by Awa in his study of combustion instabilities in solid propellant rockets.

Owing to the singular behavior of the shock wave and to the complicated
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configuration of the engine, we resort to numerical methods here.

Chapter 4 starts with the formulation of a two-phase flow problem with both gas
and liquid fuel accounted for, followed by the specification of boundary conditions.
After a review of the theories underlying numerical methods for hyperbolic prob-
lems, some important criteria for choosing proper solution techniques are dis-
cussed. This chapter serves as a basis for the work given in the subsequent

chapters.

In chapter 5 the response of a normal shock wave to various disturbances is dis-
cussed. This is motivated by two reasons. First, the greatest combustion related
operational problem in ramjet engines is inlet unstart due to the loss of shock sta-
bility. Second, the shock wave is an important upstream boundary in the entire
analysis. The oscillatory behavior of the engine depends strongly on the reflection
processes at the shock. Both linear and numerical nonlinear analyses are carried
out. The influences of shock motion on the downstream flow properties, such as

entropy and mass flow rate, are also discussed in great detail.

Chapter 8 deals with pressure oscillations in dual side-dump ramjet engines,
using a one-dimensional numercial analysis. The engine is treated in two parts: the
inlet section, including a region of two-phase flow downstream of fuel injection, and
a dump combustor. Combustion processes are crudely modeled as a stirred reac-
tor, occupying the forward portion of the combustor, followed by a length of plug
flow. Calculations are first carried out for the steady flowfields. The unsteady
behavior of the engine is then determined by its response to a small disturbance
imposed on the mean flow. In addition to the spacial distributions of flow proper-
ties at various times, spectral information is obtained for the time history of the

pressure.

Finally, we conclude this thesis with a summary of the results and future exten-
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sions of the analysis. The work reported here provides a convenient means of

analyzing the unsteady behavior of liquid-fueled ramjet engines within the low fre-

quency range. Favorable comparison of calculations with experimental data for

various laboratory devices, including both coaxial- and side-dump engines, has been

obtained.

10.
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Chapter 2
A SIMPLE LINEAR ANALYSIS

In this chapter, a simple linear stability analysis of low frequency pressure oscil-
lations is developed, based on a one-dimensional approximation for a device having
a coaxial inlet, as shown in Figure 2.1. The engine contains two parts, the iniet duct
and the combustion chamber; in each region we treat the flowfield separately.
Boundary conditions are specified as admittance functions for a normal shock at
the entrance plane and for a choked nozzle at the exhaust plane. The solutions for
the two chambers are then matched at the dump plane to determine the unsteady
behaviors of the engine. Recent experiments conducted at the Naval Weapons

Centerl'z prompted the work discussed here.

Stability of pressure oscillations may be expressed in terms of gains and losses
of energy for the acoustic waves. Within linear analysis, these energy exchange
processes can be conveniently classified as acoustic, entropy, and vorticity modes

3 Each mode behaves indepen-

according to the mechanisms controlling oscillations.
dently, but can be generated by the others through the interaction with the mean
flowflelds and the boundaries. Since the vorticity mode is a multidimensional
effect, in the present analysis only acoustic and entropy disturbances are
accounted for. Treated in this way, the process contributing to the excitation of
oscillations can be visualized as follows. When pressure fluctuations occur in the
combustion zone, density and temperature fluctuations are produced which are not
in general related isentropically. The isentropic fluctuations propagate with the
speed of sound, but the non-isentropic residues are carried with the mean flow.
Upon reaching the exit plane and the exhaust nozzle, these entropy fluctuations

interact with the boundary and the local flow to produce pressure fluctuations

which in turn propagate upstream. If those disturbances arrive, at the proper time,
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at the upstream region where the entropy wave generated, the process may be
repeated cyclically. Thus a feedback loop has been established in the flow and

unstable motions may be a result.

Two major assumptions are introduced here. First, because tests with premixed
gaseous systems have shown that fuel droplet breakup and/or vaporization is not a

1 the flow is treated as single-phase.

necessary condition for oscillatory combustion,
Second, the combustion zone is assumed to be acoustic compact, its length being
much smaller than the acoustic wave length, and confined to the dump plane
across which jumps in temperature and density take place. While this approxima-
tion applies only for very low frequency oscillation in the strict sense, it serves as a
convenient means of identifying acoustic mode structures and assessing the
influence of various parameters on the stability characteristics of the engine. The

obvious deficiency due to the neglect of distributed combustion will be corrected in

the next chapter.

The analysis starts with formulating the equations for acoustic and entropy
fluctuations in a one-dimensional flowfield. After the fields in the inlet and combus-
tor have been found separately, a transcendental equation for the complex fre-
quency characterizing the oscillatory field in the entire engine is obtained by apply-
ing proper matching conditions at the dump plane. Calculated results are then
compared with the experimental data reported in reference 2. Favorable agree-
ment suggests that the model is a satisfactory representation of some of the global

behavior of the device.

2.1. Formulation

If we neglect viscous effects and all other distributed losses, the equations

governing the one-dimensional flowfield in the inlet and the combustor are
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mass equation

B, 0,
o+ 3PV 0 (2.1.1)

momentum equation

8 o)
E%-pu + -a—}-(-;ou2 + -55-= 0 (2.1.2)

energy equation

ds ds _
& +u6x 0 (R.1.3)

The energy equation asserts that the entropy is preserved following fluid particle

since the combustion has been confined to the dump plane.

To simplify the analysis, the cross-sectional area changes in each region are
ignored. The rapid variations in the diffuser and the nozzle sections will appear
indirectly through their influences on the boundary conditions. Therefore, we treat
the problem of oscillatory waves in a uniform mean flowfleld. The flow variables are

accordingly written as sums of mean and fluctuating quantities:

p(xt) =5 + p'(x.t) (2.1.4a)
u(x,t) =T + w(x.t) (2.1.4b)
p(x.t) =p + p'(x.t) (2.1.4c)
s(x.t) =5 + s'(xt) (2.1.44)

Substitution of these decomposed variables into (2.1.1-3) and collection of terms of

first order in the fluctuations produce the equations for linear motions:

o, o, 9P
% TP T Uan 0 (2.1.5)
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fu | Gouw | Op _

A * o 0 (2.1.8)
gs' |, .08 _

3t tag-= 0 (2.1.7)

For convenience, the equation of state for a perfect gas is expressed in terms of

entropy:
(2
p = p’e % (2‘1.8)
Linearization leads to
£-1lp _ 8§ (2.1.9)
P P S

L

Hence, a small change in density may be attributed to both acoustic and entropy

oscillations. Substitution of (2.1.9) for the density fluctuations in (2.1.5) gives

8p' 81 | _8p _
Pt Pt UG =0 (2.1.10)

This equation involves no entropy fluctuation, the entropy mode being decoupled

from the acoustic mode. For convenience, (2.1.10) is further combined with (2.1.6)

to produce a single wave equation governing the acoustic motions.

8 ., B\, -20°
(a--f-u-é-é-)zp -aa-é—x%—=0 (2.1.11)

The field consists of two waves travelling upstream and downstream. Appropriate

solutions to (2.1.11) and (2.1.8) are

p' = [P*elkx 4 pre-ikx] -i(at + Wk) (2.1.12)
u = 5—%—- [Prelkx — prgiKe] o-i(0t + HKx) (2.1.13)

where (1 is the complex frequency, P* and P~ are complex amplitudes of the right

and the left running waves, and K is the modified wave number defined as
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k 0s/a _ (w + ix)/8

— 2.1.14
- e 1P (2.1.14)

The wave number is complex, the imaginary part being nonzero because of losses in

the systermn.

As far as the entropy fluctuation is concerned, it is convected downstream with

the mean flow, The solution to (2.1.7) can be written as

0

c -4(0t - =x)

s' = S(—2)e "
7P

(2.1.15)

The quantity in the parentheses is introduced so that S has the dimension of pres-

sure,

2.2 Acoustic Field in the Inlet

Because the entropy fluctuation associated with unsteady shock motion is a
third order effect in comparison with the pressure fluctuation,? the inlet flow is

considered isentropic. Consequently, the oscillatory flowfields in this region are

Sl' =0 (221)
pl, - [P;eile + Pl_e"lle] e—i(ﬂt +an1x) (2.22)
u,' = _1_ [Pf”eﬂ(lx - P{e'ﬂ(‘x] o MOt + HiKyx) (2.2.3)

P12y

The subscript | refers to the quantity in the inlet section. The influence of the
shock and diffuser can be conveniently represented by an admittance function A,,
defined at the plane x=-L,:

t

- (2.2.4)

1

=]

A =&,

o

If the shock behaves quasi-steady and the flow is isentropic on both sides of the

shock, then the admittance function presented to downstream disturbances is5
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2 [ME+1)
—7-}-1[ _M__az’ JIQ.+7+1M2,
A= — — (R.2.5)
Mls l"——')
72+1

4ﬁu[§£%n 12 +1]
(AR YR AR Mu"( )

where the subscript 1s and 2s represent the quantities immediately in front of and

behind the shock, and the dimensionless frequencies () 4 is

Q, = ] (2.2.6)

A dX ) pock

In this representation, the shock wave acts to dissipate acoustic energy. The left-
running wave is effectively attenuated, leading to a small-amplitude reflected wave
travelling downstream. Since this is a linear problem, the wave amplitude can be
arbitrarily specified without violating the governing equation. For convenience, Py
is chosen to be unity so (2.2.2) and (2.2.3) may be written in the following forms by

applying acoustic reflection condition at the shock (x=-L1).

Py’ = [Be1Bl1 +X) 4 oKz AL +HKx) (2.2.7)
ul' = — ];‘ [ﬂ’eﬁ(l(le +x) - e“lKlX]e"!(nt + HIKIX) (2.2'8)

where g, represents the acoustic reflection coefficient at the shock and can be

determined from the shock admittance function.

1+A,
1—A,

Bs = (2.2.9)

By rearranging (2.2.7), the acoustic pressure is expressed in terms of its ampli-

tude and phase.

py = Ple"‘m”nixlx"’p) (2.2.10)

where
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Py =[1 + [Bs]? + 2|B,|cos(RK x + ¢)] (2.2.11)

[ —sinKix + |8, [sin(Kyx + ¢) |
cosK;x + |Bg|cos(K;x + @) ]

Yp = tan” (2.2.12)

.and ¢ is the phase of the reflection coefficient . It is clear that the acoustic field
depends only on the admittance function for the shock wave, the Mach number of
the flow, and the complex wave number because any viscous losses in the inlet have
been ignored. The calculation of the complex wave number will be described in

detail later.

To check the validity of this simple analysis and the shock admittance given by
(2.2.5), a series of numerical comparison with the experimental results obtained at

the Naval Weapons Centerz

were conducted, using the measured frequencies of
oscillations as known conditions. Figure 2.2 shows a typical comparison of the cal-
culated and the measured phase distributions. The phase varies almost linearly
because of the small acoustic reflection coefficient at the shock ‘Bs‘ A good approxi-
mation is given by (M;+1)K;x, as easily proven by (2.2.10) and (2.2.12). Figure 2.3
illustrates the acoustic pressure distributions at various times within one cycle of
oscillation. The presence of the extremes on the envelope of the pressure ampli-
tude indicates that the wave is non-stationary standing, rather than travelling.
Each pressure node moves around its mean position periodically, no fixed node

point being observed. The same conclusion was reached experimentally by Crump

et a.l.2

2.3 Oscillatory Field in the Dump Combustor

The oscillatory flowfields in the combustion chamber are similar to those in the
inlet except for the presence of an entropy wave due to unsteady combustion. Fol-
lowing the analysis given in Section 2.1, the equations governing the unsteady

motions are
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s’ = 32(7@2 # (2.3.1)

p2' = {P{eﬂ(’*‘ + Pg‘e.ixex] g A+ Tekex) (2.3.2)

e e g
2

The subscript 2 denotes the quantity in the combustion chamber. Since the
reflected pressure fluctuation at the nozzle entrance x=L2 contains contributions

from both the incident acoustic and entropy waves, we have

Cp Ll + Hgkp + £
P = B,P3e %2 + 8,5,( — e %
YePz

(2.3.4)

where §, and f, are the acoustic and the entropy reflection coefficients respectively.

For a choked compact nozzle, they have been found to be®
g = 2o 1M (2.3.5)
g+ (’)’ - I)Mg
_ﬁz
= — 2.3.6
- % (&38)

The reflected pressure wave is out of phase with the incident entropy wave: a posi-
tive entropy disturbance always produces a negative acoustic disturbance. This
phenomenon can be easily explained as follows. For a choked compact nozzle, the
Mach number at the entrance of the nozzle is fixed by the area ratio of the
entrance to the throat. Since a positive entropy oscillation means an increase of
the speed of sound through its influence on the temperature field, the velocity must
increase as well in order to maintain the same Mach number. In general, this can

be achieved only by a negative pressure disturbance.

As a consequence of the decoupling of the acoustic from the entropy fluctua-

tions, the temperature disturbance is conveniently split into two parts: one is
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related isentropically to the pressure oscillation p’, and the other has zero p' and is

related to the entropy oscillation s', according to the linearized equation of state.

%-: T, + Ty = 1—;-1-%—4- é— (3.7)

where Tp' and T, denote the contributions from p’ and s’ respectively. Note that
both Ty and T,' are directly proportional to p’ and s', but no general statement can
be made for the entire temperature disturbance due to the phase difference a
between them. Figure 2.4 shows the time histories of T' for various o, where T,' and

Ty are represented by two sinusoidal functions.

2.4 Oscillatory Field in the Entire Engine

The oscillatory field in the inlet is coupled to the field in the dump combustor in
order to determine the stability characteristics of the engine. This procedure is
based on continuity of mass, pressure, and total energy at the dump plane. By

linearizing the continuity relations, the conditions to be satisfied at x=0 are
continuity of mass

— ' [Fe-d -— [ (e Az

Pruy’ +p1'Ty = (Baug' + pe'lp) A (R4.1)
continuity of pressure

pP1' = p2' (R.4.2)
continuity of energy

quy' +cp Ty +Q = Tgug' + cp, T (.4.3)

where Q' is the fluctuation of heat release at the dump plane. The momentum con-
servation relation is represented by the continuity of pressure. The complete
momentum balance including pressure and momentum flux does not hold as the

inlet flow is subsonic and discharged into the combustor through the dump plane
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at which the cross-sectional area changes suddenly. It would imply a physically
unrealistic shock at the dump plane and violation of the second law of thermo-
dynamics. A comprehensive discussion of this matter has been given in Section 4.7
of reference 7. The energy balance (2.4.3) is required only when the entropy
fluctuation is included in the analysis. For a pure acoustic model, this equation is
replaced by the isentropic relation between density and pressure fluctuations.

The energy source term Q' is described with Crocco's sentitive time-lag (n-7)

B The basic idea is that the reactant material requires a finite amount of

hypothesis.
time T to burn, and therefore, when a sudden change in flow condition is applied to
the steady-state combustion, the process assumes its new condition only after the

time lag 7. If we further assert that the reaction rate depends only on pressure and

is proportional to p®, then Q' can be modeled as

Q) _  pe(0b) —p/(0t - 7) (2.4.4)
Q Pz
where n is called the interaction index, being taken to be the overall order of chem-
ical reaction. For the combustion of hydrocarbon fuel in air, n is between 1.7 to
2.2.9 Equation (2.4.4) indicates that Q' vanishes if there is no time delay; the reac-
tants entering the combustor burn immediately behind the dump plane, regardless
of the flow condition. Physically, T is attributed to the ignition delay and the tur-
bulent mixing between unburned and burned gases, and can be crudely estimated
by considering various time and length scales associated with turbulent eddy struc-
ture and chemical reaction.!? It must be treated here as a phenomenological con-
stant whose value can be determined only by global comparison of calculated

results with experiments. The model of the combustion used here is too crude to

produce a precise definition of 7in terms of fundamental processes.

Substitution of perturbed flow quantities at x=0 into (2.4.1-3) and rearrange-
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ment of the results produces a transcendental equation for the complex frequency

0,
B8 5, (Pt - P7) + (P! + Pn}
£1
- T D+ — nQp; if) + - 1
= M(P3 "Pg)i'[l"-_f-)_-:;-—'(l"'el (P2 +Pg)+77-:z-sz (2.4.5)
where
P} = gl (2.4.6)
Pr=1 (2.4.7)

- ag — oy — Ba{ey — az)eemele
_ i iLp(K, + MoK, + E_)
M; + B.Mae™ 272 + 28.e 2

P# = —;—(al ¥ ag + WuSy) (2.4.9)
Py = é’(al — ag — MzSy) (2.4.10)
and
— ¥ + IT - 'aa AI ¥ + -
oy = [(1 + M))P{ — (1 = My)Py]=—7— - Ma(P{ + Py) (2.4.11)
a; A-2
oz =Pf + Py (2.4.12)
2.5 Discussion of Results

Calculations have been carried out to determine the acoustic modes that are

excited in two research coaxial-dump ramjet engines having different combinations

R

of inlet and combustor lengths.™ The data characterizing a typical experiment are

given in Table 2.1.
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Table 2.1 Input parameters

length (engine A) L[, =085m  le=076m
length (engine B) I, =085m lg=057Tm
area ratio %2;— =4.0

speed of sound a; =426.7m/s &y =B853.4nm/s
Mach number M, =04 Mz=02
specific heat ratio 7, =1.38 ¥2 = 1.26
chamber pressure 5.4 atm

shock Mach number M,;; = 1.825

Table 2.2 summarizes the calculated frequencies and growth rates of oscillations,

based on various meodels including pure acoustic and acoustic/entropy fluctua-
tions. All these calculations provide reasonable solutions for the frequencies, but
only the result for a combustion time lag 7=0.001 sec is physically realistic as it
gives both positive and negative growth rates. Since stability can be determined by
the energy flowing to and from the acoustic fields, this result indicates that the
acoustic energy gained in the second mode oscillation is dissipated by the first
mode oscillation through the energy exchange processes between modes. In fact,

the second mode has been found to be dominant in most experiments.z

For a pure acoustic model containing no entropy fluctuation, the growth rates
are always negative. The wave amplitude decays with time. This is a consequence of
incomplete representation of the combustion processes. The acoustic energy
gained from the combustion processes does not compensate the energy losses at
the inlet shock and the exhaust nozzle. Hence, the waves appear to be stable. The
same situation occurs for the model with no combustion time lag as it can not pro-

duce a non-zero fluctuation of energy, Q.
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TABLE 2,2 Measured and Calculated Frequencies and Growth Constants

Engine A Engine B
(baseline combustor) (short combustor)
= _ 190 Hz
fmeasured = 540 Hz fmeasured " 650 Hz Comments
f o f a
calculated calculated calculated calculated
131 ~54 140 =55 No entropy
fluctuation
595 -59 664 -60 included
134 ~-56 141 -60 Entropy fluctuation
included,
580 -58 669 -61 T = 0 sec
139 -37 163 =41 Entropy fluctuation
included,
624 13 679 ~9.8 T = 0.0005 sec
133 ~24 160 -17 Entropy fluctuation
included,
569 6 622 23.5 T = 0.001 sec
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Figure 2.5 shows the calculated and measured pressure and phase distributions
of the second mode oscillations in the baseline engine A. Because the theory is
linear, the amplitude contains an arbitrary multiplying constant whose value has
been adjusted to provide reasonable comparison with experimental data. This
mode is the first longitudinal mode of the combustor with a non-stationary stand-
ing wave in the inlet, and has been observed in the majority of tests. The acoustic
field is driven by the pressure oscillations in the combustor and attenuated
efficiently by the shock. The mode structure in the combustion chamber is similar
to that for a half wave in a closed-closed organ pipe. A pressure node exists in the
middle of the combustor across which a phase jump of nearly 180 degrees occurs.
In the inlet section, the waveform is mainly affected by the mean flow and the
shock. The influence of the former arises from the Doppler effect, which, together
with the smaller speed of sound, causes a reduction of wavelength in comparison
with the wave in the combustor. The phase distribution is almost linear because of
the efficient absorption of the left-running wave by the shock, as explained in Sec-

tion 2.2.

When a short combustor (engine B) is tested, the dominant oscillations occur at
frequencies of 190 Hz and 650 Hz. Figure 2.8 shows the pressure and the phase dis-
tributions for the first mode oscillation. The acoustic field in the combustor is a
bulk mode, giving a uniform phase distribution. Figure 2.7 shows the second mode
shapes and phase distributions. In comparison with the oscillation in engine A, the

frequency increases from 540 Hz to 660 Hz as a result of the shorter burner.

To further identify the mode structures and the controlling mechanisms, a
parametric study of the influences of engine geometry on the second mode pres-
sure oscillations is conducted, giving the result shown in Figure 2.8. The calculated
frequencies are relatively insensitive to the changes in the inlet length, but

decreases almost linearly with the combustor length. This is due to the half wave
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structure in the combustion chamber and suggests that the unsteady motion in the

engine is mainly determined by the flowfleld in the combustor. The inlet flow plays

a minor role since the shock absorbs effectively the left-running acoustic wave gen-

erated by the combustion. The contribution of the small-amplitude refected wave

to the excitation of pressure oscillations is negligibly small in comparison with that

of the combustor flow. The cause for the small hump in Figure 2.8a is not clear; it

may be due to the interaction among the shock admittance function, the combus-

tion time lag, and the engine geometry.

10.
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NOMENCIATURE 2

speed of sound

cross-sectional area of the engine
shock admittance function
constant pressure specific heat

Kol 2

modified complex wave number, defined by (2.1.14)
Mach number

pressure

heat of combustion

entropy

time

temperature

velocity

position coordinate along the axis of the engine
growth constant

ratio of specific heats

frequency

complex frequency, ! = + ia

dimensionless frequency, defined by (2.2.6)

density

VO D EN R K E A0 T R

superscript
(M) average value
() fluctuation

subscripts
1 value in the inlet
2 value in the combustor
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Chapter 3
PRESSURE OSCILLATIONS IN TWO-DIMENSIONAL DUMP COMBUSTORS

In the last chapter, we presented an approximate linear analysis of pressure
oscillations by assuming the mean flowfield uniform. While the treatment is
appropriate for the inlet, situations are quite different for the combustor where the
flow is highly non-uniform. There are strong gradients of density and temperature
due to the energy release in the combustion zone. In addition, the recirculating
flow immediately downstream of the dump plane complicates the velocity and pres-
sure fields significantly. The purpose of this chapter is to develop an adequate
model accommodating these matters within the low frequency range. We consider

here only the case of two-dimensional flow.

The model of the flow is sketched in Figure 3.1, representing the experimental
facility operated at the California Institute of ’I‘echxmlogy.l Premixed gasecus mix-
ture of air and methane is supplied in a connected pipe facility and delivered to the
dump combustor, which is formed by placing a rearward-facing step in the duct. In
some cases, especially when the flow speed is small and the acoustic resonance
occurs in the plenum chamber, large structure vortices with dimensions of the
order of the step height were shed at the flame attachment point, distorting the
flame front as they were swept downstream. Substantial longitudinal oscillations
could thus arise due to the interaction between unsteady combustion and the
acoustic field upstream of the flameholder. This mode of oscillation has also been
reported in reference 2. To circumvent the problem, the plenum chamber is filled
with acoustic damping material such as steel wool, the leftward acoustic wave
transmitted into the chamber is effectively dissipated. Consequently, no regular
shedding of vortices is observed and the wake behind the dump plane is stable in

this sense.
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For cor;venience of analysis, the oscillatory fields are constructed for three
regions spanning the length of the device: the inlet duct (I), the combustion region
from the dump plane to the end of the flame zone (II), and the length from the end
of the flame zone to the exit plane (III). The formulation of the fields in regions I
and III are relatively simple since the mean flows to a good approximation may be
assumed uniform. The results obtained in Chapter 2 can be directly applied. The
main issue is the combustor flow. It seems essential that the two-dimensional char-
acter of the mean flowfield be accounted for. Owing to the non-uniform geometry,
and to the interactions with the mean flow, the acoustic field must also be two-
dimensional. From experience with previous problems one might expect that there
are modes of oscillation which have relatively small components of motion almost
everywhere in planes transverse to the axis. Early observations and the initial ana-
lyses of ramjet cormmbustors established that indeed the low frequency instabilities
are basically longitudinal modes for the chamber and inlet. Accordingly, the
analysis of unsteady motions described here treats plane one-dimensional oscilla-

tions with a two-dimensional mean flowfield.

The analysis is based on the integral formulation, being developed by integrating
the conservation equations with respect to y-coordinate. Because the mean flow
appears only in integrals, the consequent errors in its representation tend to be
softened. Thus we can likely be satisfied with a cruder model than would be
required, for example, to compute the combustion efficiency. The intent is to
represent approximately the main feature of the pressure, velocity, and tempera-
ture fields. For low frequency oscillations, the flame front and the shear layer are
collapsed to two infinitesimally thin sheets: flame and vortex sheets respectively.
The flowfield in the combustion zone is thus decomposed into a flow of reactants, a
region containing combustion preducts, and a recirculation zone, as shown in Fig-

ure 3.2. The three regions are then matched at these sheets by taking into account
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kinematic and conservation relations. Determination of their shapes are part of

the solution.

The unsteady flowfields are treated within linear analysis and approximated as
quasi one-dimensional motions. The pressure waves are assumed to be planar
everywhere in the engine, but the acoustic velocities are different in the unburned
and burned flows due to the different acoustic characteristics. Treated in this way,
the recirculating flow and the vortex sheet, or dividing streamline, are considered
steady. The energy sustaining pressure oscillations is gained mainly from the
interaction between the unsteady flowfields and the flame sheet. As a result of the
periodic fluid dynamic stretching of the flame sheet, the rate of the combustible
mixture entering the flame zone and the consequent energy release may oscillate as
well. If this happens at the proper time and is positively correlated with the pres-
sure fluctuation, a feedback loop is thus formed and the possibility for self-excited

oscillation exists.

In the following sections, an integral scheme is first developed to analyze the
flowfields in the combustion region. The model extends the previous analysi33 of
the unsteady flame spreading from a point flameholder and accommodates the
recirculating flow and gas compressibility. Results can therefore be obtained for
dump combustors. After the fields in the three regions have been treated, with
appropriate matching conditions at the interfaces, the acoustic mode shapes and
frequencies characterizing the linear oscillations in the entire device are deter-
mined. Calculations have shown favorable comparison with experimental data

reported in reference 1.

3.1 Flow Field in the Combustion Zone

The flowfield in the combustion zone is first approximated by division into two
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parts: the ﬁnburned and the burned regions, separated by a flame sheet, as shown
in Figure 3.2. The flame sheet is an idealized treatment of the combustion
processes. It is a surface of discontinuity on which the chemical reactions and
rapid state variations take place. The flow speed tangential to the sheet is continu-
ous, but the normal component suffers a step change due to the discontinuity of
density. Although the model serves as an effective tool in the analysis of laminar
flame propagation, application to turbulent flames is at best a crude approxima-
tion. Only those flows with turbulent scales much greater than flame thickness per-

4 a case not relevant here. As far as the computation of the

mit this application,
low frequency unsteady motions with flame propagations is concerned, the
representation of the flame front by a thin sheet is justified since the sensitivity of
combustion processes is mainly associated with fluid dynamic processes, rather

than chemical kinetics, and the ratio of the oscillation wavelength to the flame

thickness is large.

The sudden change in the cross sectional area at the dump plane produces recir-
culating flow which is bounded by a shear layer. The density and temperature fields
of the recirculating flow are very close to those of the direct burned flow, but the
mean velocity and pressure fields are greatly different.5 There are strong reversing
flows and nonuniformities of the pressure distributions in the recirculation zone.
Therefore, it is convenient to treat the recirculating flow and the direct burned flow
separately. In real flows, the shear layer entrains flow and continuous passage of
hot combustion products into and out of the recirculation zone takes place. We
ignore that process and assume that the shear layer is a sheet of tangential velocity
discontinuity, represented by a dividing streamline here. Nevertheless, the model is
expected to be valid when the acoustic wave length is long compared with the shear

6

layer thickness.” For low frequency oscillations this criterion is met.
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If we neglect viscous effects, the flow fleld in each region can be described by the

following equations of continuity and momentum.

dp i) 8 -

Bt + -0-}'('1)11 + —a;-pv 0 (3.1.1)
8 8 2,90 op _

ngu + Epu + sgpuv + I 0 (3.1.2)
0 ) d ap _

—a—t:-pv + -é-;puv + -a;pve + v 0 (8..1.3)

Since combustion is confined to the flame sheet, there is no mechanism producing
entropy outside the sheet. The entropy is preserved following fluid elements in each

region. As a result, the energy equation can be written in the form

o) a (o) _
F0PS t gaPus * -a-)—’-pvs =0 (3.1.4)

3.1.1 Matching Conditions

The unburned and the direct burned flows are matched at the flame sheet using
conservation and kinematic relations.’ For two-dimensional flow, the kinematic

relations are

on an

Ttl— +uy(x7my.t) —6—x—l- = vi(xm.t) — Wisect (3.1.5)
&

-52—1- + up(x,m.t) %"7;(_1_ = va(x,m,t) — Wesecd (3.1.8)

where W, and W; are the normal flow velocities relative to the flame sheet on the
upstream and downstream sides, and 7, is the y-coordinate of the flame sheet.
Note that 7, depends on both ti