
JOURNAL OF PROPULSION AND POWER
Vol. 10, No. 6, Nov.-Dec. 1994

Coupling Between Vorticity and Pressure Oscillations in
Combustion Instability

Habib N. Najm* and Ahmed F. Ghoniemt
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

The operation of premixed dump combustors is hindered by large-amplitude, low-frequency oscillations
leading to flame flashback. The genesis of this instability is the subject of this article. A physical model that
accounts for the relevant components of flow-combustion interactions in this system is formulated assuming
that the combustor is an acoustically compact trough, the flow is two dimensional, the flame is a thin front,
the inlet section is charged by a constant-pressure reservoir, and the exit pressure is forced. Numerical solutions
at high Reynolds number are obtained using the vortex method. The nonreacting flow exhibits coherent oscil-
lations that scale with the trough depth and inlet velocity to a Strouhal number of 0(0.1). Simulations of
the reacting flow show that vorticity-flame-acoustic coupling is the driving mechanism for the observed instability.
In this work, the exit pressure is modulated near the frequency of the natural mode, and the amplitude of
oscillation is observed to grow with increasing heat release due to phase-matched coupling between flow and
heat release oscillations, in accordance with the Rayleigh criterion. This amplification ultimately leads to flow
reversal and the propagation of the flame into the inlet channel.

Introduction

P REMIXED dump combustors exhibit an instability that
manifests itself in low-frequency, large-amplitude flow,

and pressure oscillations and the propagation of the flame
upstream into the inlet duct. In this work, we investigate the
dynamics of reacting flow in a cavity-type dump combustor
to elucidate the mechanism of this "flashback" instability. Our
objective is to understand the coupling between the dynamics
of the recirculating flow in the dump and pressure oscillations
in the combustor in the presence of heat release. The flash-
back we refer to here is not the conventional flashback1 that
involves upstream propagation of the flame in the boundary
layer along solid walls due to small local convective velocities.
Rather, as reported in the review of Plee and Mellor,2 and
observed in various controlled laboratory experiments,3"5 this
flashback is associated with convective flow reversal.

The detailed flow dynamics of nonreacting separating flow
over a shallow cavity (or a backward-facing step) have been
shown to exhibit large-scale vortex shedding at frequencies
comparable to those in the wake behind bluff bodies, namely
at St = fD/U = 0(0.1), where D is the cavity/step depth, and
U is the upstream channel flow velocity.6"9 This wake-mode
recirculation zone instability has been observed experimen-
tally and in numerical modeling of the flowfield, and was
shown to dominate the shear layer Kelvin-Helmholz insta-
bility for shallow cavities,6 for which LID > 1-2, where L is
the cavity length.

Experimental results on premixed dump combustors have
demonstrated that the large-scale organized recirculation zone
eddy shedding observed in the nonreacting flow is also evident
in the reacting case.5 Schlieren photographs suggest that the
flame is modulated by the large-scale vortex structures. The
frequency spectra of the flow and pressure oscillations mea-
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sured on these systems involve typically two or more fre-
quency peaks, with the lower frequencies gaining dominance
as the equivalence ratio, and therefore the rate of heat release
is increased, and flashback is approached.4-5

The task of understanding the modes of oscillation corre-
sponding to the above spectra has been tackled by many in-
vestigators. The complexity of the flow in these systems de-
rives from the coupling between acoustics of the overall system
and the convective dynamics and heat release in the com-
bustor. Based on the Rayleigh criterion,10 it is evident that
significant amplification of the combustion system dynamics
can occur when pressure and heat release oscillations are in-
phase. However, the overall stability characteristics of a pre-
mixed dump combustion system are still the subject of in-
vestigation. Two outstanding issues are 1) what determines
the oscillation modes of a given system, and 2) how does the
system migrate between these modes when heat release is
increased. The first item is the primary focus of this work.
It has been suggested by some studies that this mode selec-
tion is determined by the acoustic characteristics of the com-
bustor and the piping system.7J '"13 This is based on the as-
sertion that the acoustic power radiated from the unsteady
flame feeds energy into the resonant acoustic modes of the
system. The resonant pressure oscillations, which are fed
back into the combustor, are believed to determine the fre-
quency of the organized eddies shed from the shear layer
and recirculation zone. While we agree in part with this
scenario, we maintain that a significant body of experimental
evidence3-5-14"17 suggests that even if the higher modes of
oscillation of the combustor correspond to specific acoustic
modes of the system, the more dangerous low-frequency os-
cillation, which is the precursor to flashback, is generally ob-
served to be in the Grange (0.05-0.2), i.e., St = 0(0.1). This
suggests that this mode is determined by the dynamics of the
recirculation zone. Thus, while the higher modes are "system11

instabilities, the low-frequency mode that leads to flashback
is a "combustor" instability in the sense that it is generally
determined by the flow in the dump (the inlet flow speed and
the depth of the dump) within a given Strouhal number range.

We therefore maintain that flashback occurs as a result of
the amplification of the inherent recirculation zone instability,
and that this amplification occurs as the pressure oscillation
in the system approaches the natural frequency of the recir-
culation zone and as the rate of heat release at the flame is
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increased. It has been demonstrated18 under specific condi-
tions of high-frequency forcing, where pressure oscillation at
the natural low-frequency mode of the combustor is inhibited,
that the dominant oscillation in the rate of heat release is
decoupled from the prevalent high-frequency pressure oscil-
lations; thus no Rayleigh-type amplification is observed upon
increasing the heat release rate. In fact, the volume expansion
due to heat release is seen to have a stabilizing influence
similar to experimentally observed stabilization in external
flows where pressure resonance is inhibited.1 Furthermore,
the experimental measurements of McManus et al.16 dem-
onstrate the stabilizing effect of high-frequency forcing. In
the following we investigate the coupling between heat release
and flow oscillation under low-frequency forcing, close to the
natural wake mode of the recirculation zone. Significant am-
plification is observed, consistent with Rayleigh's criterion,
leading to flame flashback into the upstream inlet.

Formulation and Numerical Scheme
A proper physical model of a premixed combustion system

must include both local convective dynamics and extended
acoustic dynamics. A typical experimental combustion system
may be divided into three functionally distinct zones: 1) an
upstream "reservoir," 2) a compact combustor, and 3) an
exhaust system leading to the atmosphere.18-19 In this work,
only the upstream reservoir and the combustor are consid-
ered, as shown in Fig. 1. Neglecting the extended exhaust
system removes a significant source of acoustic resonance in
the overall combustion system. This source is substituted for
in this work by externally imposed pressure forcing at the
combustor exit. This allows the study of vorticity-flame-pres-
sure coupling under controlled conditions.

Combustion is assumed to occur exclusively in the compact
combustor zone, from *min to ̂ max as shown in Fig. 1. Premixed
reactants enter the combustor via the upstream channel at
jcmin. They are expanded at the upstream step, where the flame
is anchored and sustained by the recirculating hot products
in the dump (cavity). Further downstream, the flow is con-
stricted at the exit nozzle, at the downstream edge of the
cavity, and the hot gases exit the combustor at xmax.

The upstream flow is assumed to originate in an infinite
reservoir at a stagnation pressure p(). The model allows for
both forward and reverse flow between the reservoir and the
combustor, depending on the pressure at the combustor inlet.

The two zones are coupled at the inlet plane of the com-
bustor, at jtmin. The instantaneous inlet flow rate for the com-
bustor model is that calculated from the upstream reservoir
model, while the pressure boundary condition for the reser-
voir model is provided by the upstream pressure in the com-
bustor. The flow model and numerical solution for each zone
are presented below.

Combustor
The dump combustor, or cavity, flow is modeled in two

dimensions. The unsteady Navier-Stokes equations are solved
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Fig. 1 Schematic diagram showing the combustor and upstream res-
ervoir models.

with no turbulence modeling. As a consequence of the two-
dimensional assumption, flow instabilities and vortex break-
down in the third dimension are not included in the model.
While this does lead to more enhanced organization of the
two-dimensional large-scale structures than is observed ex-
perimentally, previous results6 have shown that the predicted
flow oscillation frequencies and mean profiles fall well within
the range of experimental observation. Furthermore, exper-
imental evidence3 ~5 demonstrates that the two-dimensional
organization of large-scale structures is enhanced significantly
in reacting flow, due to the system pressure resonances in-
duced by the combustion process.

The combustion model assumes a single-step, irreversible
reaction20 mechanism: R =^> P, where both reactants R and
products P are considered to be perfect gases. Furthermore,
a flamelet combustion regime is assumed,21 with low flame
stretch (turbulent Karlovitz number Ka < 1), and fast chem-
istry (turbulent Damkohler number Da > 1). We also imple-
ment both the "low Mach number" and "thin flame" ap-
proximations.22 The former is based on the assumption of an
acoustically compact combustor, where the time scales as-
sociated with acoustic phenomena are negligible with respect
to those relevant to convective flow dynamics. Whereas the
latter, the thin flame approximation, takes the flamelet model
to the limit by assuming a zero reaction zone thickness and
a large activation energy.

The low Mach number assumption is justified for the sub-
sonic experimental combustion systems of relevance here,
where the combustion zone is a small component of a much
larger inlet/exhaust piping system. The main result of this
approximation is that the fluid is treated as an incompressible
medium everywhere except at the flame. The justification of
the flamelet and thin flame assumptions is also based on em-
pirical evidence, where experimentally observed premixed
combustor flow3"5 suggests a distinct reaction zone/flame sheet
that is relatively thin with respect to the large-scale flow struc-
tures.

Consequently, the flame is modeled as a surface of discon-
tinuity between the reactants and the products, and combus-
tion is allowed to occur only at the flame interface. The flame
propagates by advection due to the local flow velocity, and
by burning into the reactants normal to itself at a laminar
burning velocity £„, which depends on the local curvature of
the flame surface.23 Fluid density and temperature fields are
uniform in the reactants and in the products with a discon-
tinuity at the flame. Heat release at the flame front results in
localized expansion of the fluid, which is modeled using dis-
crete volume expansion sources along the flame interface.

Therefore, the low Mach number, thin flame, combustion
model is a phenomenological scheme that involves no explicit
chemical kinetics, but rather utilizes the end result of the
chemical reaction in terms of the laminar flame speed and
the density/temperature jump across the flame. Conse-
quently, some characteristics of the combustion process, such
as the transition between different reaction regimes or strain-
induced flame extinction, are not included in the model. While
these processes are of significant importance, they are not
within the scope of this work.

Within the above framework, the fluid flow and combustion
processes are coupled fundamentally by the expansion due to
heat release at the flame, the advection of the flame by the
flowfield, the change of fluid density and viscosity across the
flame interface, and the baroclinic generation of vorticity at
the flame.24 Of these four mechanisms, the vorticity gener-
ation is deemed negligible in the present context, and is not
included in the model. This is based on the expectation that
this vorticity would only affect the local small-scale structure
of the flame interface, and is therefore not of major interest
to the present work.

Using the vorticity-stream function formulation, and the
Helmholz decomposition25 of the velocity field into a vortical
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and an irrotational component, the governing equations based
on the above model, written in dimensionless form, are18

u = and = V x

(1)
(2)

and

~ = «»(*) + (4)

where a)k = V x u is the vorticity vector, /te is the Reynolds
number, V</> and «w are the irrotational and vortical compo-
nents of the velocity field, respectively, ^ and </> are the
streamline and potential functions, respectively, Q is the en-
thalpy of reaction, Su is the laminar burning speed with respect
to the reactants, Tu is the temperature in the unburnt fluid
(reactants), [;t/(01 *s a set °f points defining the flame inter-
face at time t, uu is the local fluid velocity in the vicinity of
the flame interface—on the reactants side of the flame, and
nf is the local unit normal to the flame interface pointing
towards the reactants. Furthermore, (p, T, ^t) = (pM, Tu, /*„)
are the density, temperature, and viscosity in the reactants,
and (pb, Tb, fJib) are defined similarly in the products, with
Pi,Tlt = PbTb> The Reynolds number on either side of the
flame is defined based on dimensional and reference quan-
tities as follows: Re = Reu = p*U*D*/fjL* in the reactants,
and Re = Reb = pbU*D*//jL^ in the products. The superscript
* denotes a dimensional quantity, U* is a nominal reference
velocity, and D* is the dimensional cavity depth and the ref-
erence length scale.

The dependence of the laminar burning speed Su on the
curvature of the flame interface is given by Su = Sn(l - A/
RF), where Sn is the laminar burning speed of a planar flame,
A is the Markstein length,23 and RF is the local radius of
curvature of the flame interface.

The numerical solution of the above formulation is based
on the random vortex method.26'27 The vorticity field is dis-
cretized into a finite number of vortex elements that are gen-
erated at the walls to satisfy no-slip, and are advected and
diffused in the flowfield according to the vorticity transport
equation. A Lagrangian formulation is employed, whereby
advection is expressed in terms of a set of coupled ordinary
differential equations, whereas diffusion is simulated by an
appropriate random walk algorithm.26 Numerical diffusion is
minimized by avoiding the discretization of velocity gradients
on a grid. The scheme is grid-free and the computations are
self-adaptive since vortex elements move to capture zones of
large velocity gradients associated with concentrations of vor-
ticity. The discretization of the continuous vorticity field into
a finite number of vortex elements imposes a corresponding
smallest resolvable length scale, whereas the time step used
in updating the vorticity field imposes a minimum time scale.
The accuracy of the method in two-dimensional high Reynolds
number flow has been verified against experimental data.6-28

The flame interface is constructed and propagated on a
uniform square grid using the simple line interface calculation
(SLIC) algorithm,29"31 coupled with the volume-of-fluid method
(VOF).32 The SLIC algorithm uses a set of horizontal and
vertical straight line segments on a two-dimensional grid to
construct the flame interface. The flame is propagated ac-
cording to Eq. (4) using two fractional steps: 1) an advection
step and 2) a burning step. Advection involves the motion
of the flame interface as a passive material surface with the
local flow velocity. Burning, on the other hand, involves the
motion of the flame normal to itself into the reactants, at a
laminar burning speed Su, and is implemented using the clas-
sical Huyghens principle for wave front propagation.18 The

VOF method is used to generate a smoother flame interface
from the SLIC data.

The combustor model requires a specification of the up-
stream inlet boundary condition, namely the volume flow rate
(2in(0 into the mlet channel at each time step. This is com-
puted from the upstream reservoir flow model discussed be-
low. As will be demonstrated, this necessitates a specification
of the pressure at the combustor exit pcx(t). Note, however,
that the specification of pex(0 is not directly imposed upon
the combustor flow solution, rather it is used to solve the
upstream reservoir one-dimensional Bernoulli equation to find
<2in(0> which is then imposed at the combustor inlet jcmin.

Upstream Reservoir
The model of the reservoir flow involves one of two in-

compressible flow problems, depending on the sign of the
inlet flow rate. For Q"n~l > 0, i.e., for flow from the reservoir
into the combustor, we solve the inviscid flow problem for
the new flow rate Q"n, utilizing the unsteady Bernoulli integral
written between points "1" and "2" shown in Fig. 1. The
resulting equation, written in nondimensional form, is

El + £-L + I -LI =

A, 2 V»A A, dt (5)

The pressure at 1, which is at a large distance (= 50//) from
the channel entry, is assumed to be the fixed stagnation pres-
sure pl = /?0, while the velocity M, is assumed negligible,
hence, vl = | ̂  | = 0. The pressure at 2, /?2, is that computed
from the combustor flow field at ;cmin (Fig. 1). This is done
by integrating the stream wise pressure gradient, dp/dx, along
the channel centerline from ;cmax to jcmin. The pressure at Jtmax
is specified by the forcing function, while dp/dx is computed
at discrete points along the centerline, from the momentum
equation, based on the prevailing flowfield. Hence, p2 de-
pends on the channel inlet flow rate Qm through the com-
bustor flow solution. Furthermore, u2 = (v2, 0), the velocity
at point 2, is directly related to the inlet flow rate, and cf> is
the flow potential, such that u(x, f) = V</>(jc, t). The deter-
mination of 4> involves the solution of the Laplace equation,
V2<f> = 0, for the flow geometry in the inlet section. This is
easily done using Schwartz-Christoffel conformal mapping33

to the upper half-plane, and the above equation can be sim-
plified to the following ordinary differential equation18:

2 p,, (6)

where A and B are constants related to the conformal map-
ping, q = channel inlet flow rate = Qin, and p2 = p2(<?)-

Equation (6) is solved for q" using an implicit time discre-
tization and Newton's iteration. Note that the only unknown
is q", since p 2 = p2(q")> If q" is found to have a negative value
then the solution is repeated using the reverse flow formu-
lation discussed below.

For the case of reverse flow, the upstream zone is modeled
as a jet exiting into an infinite reservoir. The presence of the
reservoir is enforced by setting the static pressure p2 in the
exiting jet to be equal to p(}. Hence, the reverse flow rate q"
is the solution of

p't(q") = (7)

Recall that p2 is computed by integrating dp/dx from jcmax to
*min, and is a function of the vortical and expansion fields as
well as the flow rate at the channel inlet q". Equation (7) is
solved for q" using Newton's iteration. Again, if q" is found
to be positive, then the flow has reversed to the downstream
direction, and the solution is repeated using the forward flow
formulation (6).
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In each of these two cases, the value of p2 is required from
the flow inside the computational domain, between jcmin and
jcmax, for a given inlet flow rate q. For each iteration, p2 is
found by integrating dp/dx from the jt-momentum equation
from jcmax to *min along the channel centerline. Given that the
velocity field is discontinuous at the flame interface, the dis-
cretization used for computing Vu and V2u in the vicinity of
the flame is one-sided, so as not to cross the discontinuity.
The pressure jump across the flame discontinuity,34 given by
fyf = PiK(pJPb ~ 1)> is taken into account in the compu-
tation of the pressure integral when the flame intersects the
integration path.

Results and Discussion
The combustion tunnel is shown in Fig. 1. It consists of an

infinite, constant-pressure reservoir, and a cavity-type dump
combustor. The values of reference quantities are as follows.
Reference density and viscosity are those of the reactants
p* = 1.2 kg/m3, and fi* = 2.0 x 10~5 Ns/m2, the reference
length is the cavity depth D* = 2.5 cm, the reference velocity
is U* = 6.67 m/s, and the reference gauge pressure is
p* = p*(U*)2 = 53.33 Pa (gauge pressures are measured
with respect to atmospheric pressure, p*tm = 105 Pa). Ref-
erence time is t* = D*IU*, All quantities without the su-
perscript * referred to below are normalized with the above
reference quantities. Similarly, all quantities plotted in the
figures are nondimensionalized accordingly.

The time-averaged mean inlet velocity in the upstream
channel is U = U*/U?, where U* = (Q*)av/#*. This quantity
Uis found to lie in the range 0.44-0.84, in the results reported
here. The Reynolds number introduced above in Eq. (1) is
based on U*, and has the value Reu = p*D*/fi* = 104 in
the reactants. Reb is defined accordingly based on pi
and fjib in the products, and is related to Reu by Reb/Reu =
(pb/pu)3/2, assuming IJL <* T112. Given the above range of values
of U, the effective inlet flow Reynolds number p*U*H*l
ti* is in the range 4400-8400.

Results are obtained for the following combustor dimen-
sions: L = 4.0, H = 1.0, jcmin - -4.0, jcmax = 4.0. The SLIC/
VOF discretization uses a cell size given by hF = AJC = Ay
= 0.1, and a discretized volume source distribution using a
maximum of four sources per cell. The vortex method solution
uses a discretized sheet length of hs = 0.33 on the domain
walls, a sheet layer thickness of ds = 0.01, a vortex element
circulation of r*/D*U* = 0.028, and a core radius <r =
hs/Tr. This discretization is sufficient for resolving the large
scales of the flowfield, namely scales larger than the vortex
element core radius C7, and flame grid size hF. Smaller scale
structures, such as small flame sheet contortions and vortex
eddies, are not resolved. This is deemed an acceptable res-
olution in the present context, since the object of interest
relates to large-scale structures and global flame modulation
and dynamics. Validation of the various components of the
model has been reported in Najm,18 Najm and Ghoniem,6
and Knio.30

This exposition is restricted to two heat release cases, with
a specified/?ex modulation at low frequency, close to the nat-
ural wake mode instability of the cavity flowfield at St = 0.1.
We demonstrate that under low-frequency forcing, the natural
flow instability is amplified due to the phase-matched coupling
between heat release and flow oscillation leading to flow re-
versal and flame flashback.

Flow parameters are pjpb = 4.0, and pQ = 1.0. The exit
pressure is a cosine function of time with amplitude pmx =
2.5, and frequency/^ =0.1. The rate of heat release is varied
by changing the normal burning speed from Su = 0.025-0.05.
Thus, if the mean flame length were to remain unchanged,
then given the two-fold increase of Su, the mean rate of heat
release would be expected to double.
Low Heat Release

The time evolution of the unsteady flowfield is shown in
Fig. 2. The number next to each frame indicates nondimen-

sional time. Flow is from left to right. Each vortex element
is shown with the local velocity vector drawn from its center.
The instantaneous flame contour is shown as a thick solid
line. This sequence exhibits one cycle of a large eddy shed-
ding. The flame experiences large amplitude oscillations (flap-
ping) that cause it to intermittently fill the whole dump sec-
tion, i.e., the trough and the channel above it, propagate
slightly into the upstream channel, and then be swept down-
stream by the flow in a periodic fashion. We will examine the
relationship among the inlet flow rate Qin at Jtmin, the pressure
in the channel above the upstream step Pstep, and the vorticity
dynamics using Fig. 2 and the time traces of Qin and Pstep
depicted in Figs. 3 and 4.

A typical cycle begins at time t = 12.0. At this time, the
flame is roughly at its farthest upstream location. The products
and the recirculation zone have expanded to fill the entire
dump section and the flow rate into the combustor is at its
minimum, only slightly larger than zero, while the pressure
is falling rapidly. During t = 12-14, the flame and vorticity
field are convected downstream by the accelerating inlet flow
rate, the step pressure reaches a minimum, and the inlet flow
rate grows rapidly. A trailing eddy is formed at the step while
the leading eddy is being convected against the downstream
step. During t = 14-16 the flame is dipped strongly into the
dump, following the vorticity field, as the trailing eddy grows
at the step. The flame moves downstream, being convected
along with the leading eddy, such that it is still approximately
normal to the streamlines in the incoming flow. These vertical
flame shapes, associated with flow acceleration into the com-
bustor, have been observed experimentally under similar con-
ditions (see Vaneveld et al.5 and Fig. 5b below).

At t =16, the reactants are entrained by the growing trail-
ing eddy, and the flame interface is strongly contorted. The
flame in the channel is swept further downstream with the
vorticity of the previous large leading eddy. By t = 17, the
flow rate has reached its maximum while the step pressure is
rising rapidly. The trailing eddy is still growing and entraining
reactants as it begins to move away from the step. By t = 18,
the leading eddy has been completely swept away while the
trailing eddy is growing, moving downstream, and entraining
more reactants. Around t = 19.5, the pressure reaches its
maximum, I period after (Qin)max, while the flow rate is de-
creasing rapidly. At t = 20, the eddy fills most of the dump
and starts to expand upwards, along with the flame interface,
as well as upstream and downstream into the channel. Starting
around t = 22, the cycle is repeated as the flow rate starts to
increase again, pushing the products and the large eddy down-
stream towards the combustor exit. This cycle repeats itself
with a period of 10.0, i.e., with frequency/ = 0.1, St = f*D*/
U* = 0.12, which corresponds to the forcing frequency ff.
This low-frequency, large-amplitude, flapping of the flame is
the precursor to flashback that has been observed extensively
in experimental investigations.3-5*14-17

The correspondence between the pressure oscillations and
the flow structure discussed above is in agreement with the
results of Yu et al.14-15 Their schlieren photographs suggest
that the minimum pressure occurs as the trailing eddy starts
to form at the upstream step (as at t = 15). Similarly, the
maximum pressure is found to correspond to a situation where
the flame fills the cavity and is still growing to fill the channel
(as at t = 20). Figures 3 and 4 illustrate the i period phase
difference between Q[n and Pstep, as observed by Yu et al.14-15

and Poinsot et al.33

The total rate of heat release in the combustor is plotted
along with the step pressure and inlet flow rate in Figs. 3 and
4, respectively. We find, as in Yu et al.,14-15 that the heat
release lags the step pressure by roughly i of a period, and is
roughly i period out of phase with the flow rate (see Poinsot
et al.35). This result is expected since the pressure leads the
inlet flow rate by i period. The rate of heat release is maxi-
mum when <2in is minimum. Hence, the heat release maxima
correspond to the flow when the products and the contorted
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Fig. 2 Sequence of time frames of the combustor flowfield at low heat release (Su = 0.025, pulpb = 4.0) and low forcing frequency, illustrating
the large amplitude flapping of the flame and the associated large eddy shedding. The number next to each frame indicates nondimensional time.
Each vortex element is shown with the local velocity vector drawn from its center. The instantaneous flame contour is shown as a thick solid line.
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Fig. 3 Time traces of the rate of heat release and the upstream step
pressure for the low heat release (Su = 0.025, pjpb = 4.0) of Fig. 2.
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Fig. 4 Time traces of the rate of heat release and the inlet flow rate
pressure for the low heat release (Su = 0.025, pulpb = 4.0) of Fig. 2.
(Cm).v = 0.84.

flame interface have expanded to fill the whole dump section,
t = 2.0 and 22.0. Moreover, the rate of heat release rises
sharply between times 16-20, which corresponds to the time
of strong eddy growth and flame contortion.

The fact that the unsteady heat release is only i period out
of phase with the pressure in the combustor is a significant
indicator of the mechanisms governing the combustor dynam-
ics. When the pressure and heat release oscillations are nearly
in-phase, sufficient coupling may occur, leading to the growth
of disturbances and the amplification of the combustor insta-
bility (Rayleigh criterion10). We demonstrate this on the
present flowfield, under low-frequency pressure forcing, by
increasing the burning speed $„, and observing the resulting
combustor dynamics.

High Heat Release
We now discuss the results of the high heat release case,

where Su = 0.05. The flowfield and the flame front are shown
in Fig. 5a. We observe dynamics similar to those in the pre-
vious case, but with significantly larger amplitude oscillations.
Large amplitude oscillations and flow reversal are observed,
with the flame propagating further into the upstream channel
and exiting the computational domain at jcmin, as in frame
23.0. We observe less flame contortion and fragmentation at
higher Sir On the other hand, the correspondence between
the flow rate and pressure traces, shown in Figs. 6 and 7,
respectively, and the flowfield, is similar to that observed
before.

The dynamics observed in Fig. 5a, including the liftoff of
the flame in the upstream boundary layer and the large am-
plitude flame flapping, are similar to the schlieren pictures of
the flowfield in the "chucking" mode observed in the exper-
iment by Vaneveld et al.,5 as shown in Fig. 5b. The charac-
teristic Strouhal number measured in this experiment was St
= 0.15. The sequence of schlieren images exhibits strong
periodic flame flapping, along with the characteristic vertical
flame shapes mentioned above, as observed in Figs. 2 and 5a.
Similarly, Keller et al.4 show experimental pictures from a
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b)

Fig. 5 a) Sequence of time frames of the combustor flowfield at high heat release (Su = 0.05, pu/pb = 4.0) and low forcing frequency, illustrating
the large amplitude flapping of the flame and the associated large eddy shedding and flow reversal. The number next to each frame indicates
nondimensional time. Each vortex element is shown with the local velocity vector drawn from its center. The instantaneous flame contour is shown
as a thick solid line, b) Experimental schlieren photographs exhibiting large-scale, low-frequency flame flapping in a premixed dump combustor,
from Vaneveld et al.5 Inlet flow velocity: 9.12 m/s (Re = 1.5 x 104). Time interval between frames: 3 ms.



NAJM AND GHONIEM: COUPLING BETWEEN VORTICITY AND OSCILLATIONS 775

Sf

-2

step

15

TIME

20 25 30

Fig. 6 Time traces of the rate of heat release and the upstream step
pressure, for the high heat release (Su = 0.05, pjpb = 4.0) case of
Fig. 5a.
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Fig. 7 Time traces of the rate of heat release and the inlet flow rate,
for the high heat release (Su = 0.05, pjpb = 4.0) case of Fig. 5a.
(0in)av = 0.57.

step-dump combustor flow that exhibits large amplitude os-
cillation as is observed here, with St = 0.11. Again, we see
the same cyclic flapping of the flame and vorticity field oc-
curring at St = 0(0.1).

The period of the recirculation zone eddy shedding is roughly
10, corresponding to the forcing frequency ff = 0.1. The
strong oscillation of the pressure within the combustor causes
significant flow reversal at the inlet plane, with Qin reaching
a minimum of —0.6. Thus, increasing Su to 0.05 has increased
the amplitude of oscillations in the flowfield. The spectra of
Qm and Fstep exhibit a dominant peak at/ = 0.1; correspond-
ing to St = 0.17, this is the forcing frequency. Again we find
that the flow dynamics are amplified at the forcing St when
the latter is close to 0.1. The phase difference between the
Pstep and Qin traces is observed to be i of the period, as in
the low heat release case.

The heat release is more closely in-phase with the pressure
oscillation than in the previous case. Increasing Su tends to
increase the amplitude of the heat release rate and to decrease
the phase lag between it and the pressure oscillation. Both of
these factors tend to amplify the combustor dynamics as il-
lustrated by the evidence of flow reversal in the present case.
The rate of heat release, shown in Figs. 6 and 7, rises sharply
for time 16-18, which corresponds to the period of strong
entrainment into the large eddy. It reaches a higher maximum
in the second cycle indicating the formation of a stronger
eddy. In this second cycle, the heat release and the pressure
are seen to rise simultaneously, with the heat release peak
occuring slightly before the pressure peak and staying high
for the duration of the latter peak. As indicated above, this
phase relationship leads to the amplification of the combustor
oscillations. The heat release rate, being almost in phase with
the pressure oscillation, is i period out of phase with the inlet
flow rate oscillation.

We have thus shown that under conditions of low-frequency
forcing, when the forcing frequency is close to the natural
frequency of the combustor, as defined by the shedding fre-
quency of the recirculation zone St = f*D*/U* = 0(0.1),
increasing the rate of heat release causes the recirculation
zone instability and the resulting pressure and flow rate os-
cillations to be amplified. As the flow slows down, or reverses,
at the inlet section, the flame flashes back into the upstream
channel.

Conclusions
A numerical model is developed to study the dynamics of

reacting flow in a dump combustor. The random vortex method
along with an interface advection and propagation flame model
are used to compute the low Mach number flow in a two-
dimensional compact combustor. The pressure is incorporated
in the model in order to provide the crucial coupling between
the combustor flowfield and the inlet flow system. The overall
system is forced by specifying the exit pressure. The imposed
exit pressure oscillation represents possible natural pressure
oscillations in the overall combustion system. The inlet flow
rate is determined by the inlet pressure, computed from the
flowfield, and the exit pressure.

Results show that when the exit pressure is forced at low
frequency, close to the combustor natural frequency, the re-
circulation zone instability is amplified as the rate of heat
release is increased, ultimately leading to flow reversal and
flame flashback.

These results agree with the instability requirement dictated
by the Rayleigh criterion,10 which states that sufficient cou-
pling may occur between the pressure and the heat release
oscillations leading to the growth of disturbances only when
these oscillations are in phase. When the pressure is modu-
lated at high frequency, its fluctuation component at the low
natural frequency is inhibited and cannot be amplified by the
heat release, which oscillates at the low natural frequency.18

On the other hand, when the exit pressure is modulated at
low frequency, close to the combustor natural frequency, this
amplification is possible. As we have seen, this amplification
is enhanced by both the increased amplitude of the rate of
heat release and the smaller phase difference between the
heat release oscillation and the pressure oscillation.
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