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Abstract

Spatial direct numerical simulation (DNS) is used to study the near field dynamics of a buoyant diffusion flame established on a
rectangular nozzle with an aspect ratio of 2:1. Combustion is represented by a one-step finite-rate Arrhenius chemistry. Without
applying external perturbations at the inflow boundary, large vortical structures develop naturally in the flow field, which interact
with the flame and temporally create localized holes within the reaction zone in which no chemical reactions take place. The in-
teraction between density gradients and gravity plays a major role in the vorticity generation of the buoyant plume. At the
downstream of the reactive plume, a more disorganized flow regime characterized by small scales has been observed, following the
breakdown of the large vortical structures due to three-dimensional (3D) vortex interactions. Analysis of energy spectra shows that
the spatially developing reactive plume has a tendency of transition to turbulence under the effects of combustion-induced buoyancy.
The buoyancy effects are found to be very important to the formation, development, interaction, and breakdown of vortices in
reactive plumes. In contrast with the relaminarization effects of chemical exothermicity via viscous damping and volumetric ex-
pansion on non-buoyant jet diffusion flames, the tendency towards transition to turbulence in reactive plumes is greatly enhanced by

the buoyancy effects. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

As an efficient technique of passive flow control, jets in non-
circular configurations, such as elliptic, rectangular, square
and triangular geometries, are encountered in various engi-
neering applications such as combustors, cooling of energy
conversion devices, and exhaust of aerospace vehicles. Non-
circular jets have attracted an extensive research interest in
recent years, both experimentally (e.g. Ho and Gutmark, 1987;
Hertzberg and Ho, 1995; Zhang, 2000) and numerically (e.g.
Miller and Madnia, 1995; Grinstein and Kailasanath, 1995;
1996; Grinstein and DeVore, 1996; Wilson and Demuren,
1998). Recently, the topic has been reviewed by Gutmark and
Grinstein (1999).

In a broad range of practical applications, buoyancy due to
density inhomogeneity under the influence of gravity plays a
major role in the flow development of non-circular jets. The
density inhomogeneity can result from inhomogeneities in
temperature, differences in concentration of chemical species,
changes in material phase, and many other effects in the flow
field. Buoyancy effects are especially important to low-speed
combustion applications, such as fires. However, buoyancy

* Corresponding author. Fax: +44-20-8983-3052.
E-mail address: x.jlang@qmw.ac.uk (X. Jiang).

effects have not been taken into consideration in the existing
numerical studies of non-circular jets (Miller and Madnia,
1995; Grinstein and Kailasanath, 1995, 1996; Grinstein and
DeVore, 1996; Wilson and Demuren, 1998).

Free jets and plumes in open-boundary domains with
buoyancy effects usually consist of a strongly buoyant near
field and a turbulent, weakly buoyant far field. In the near
field, the most prominent feature of buoyant jets and plumes
is that the large vortical structures dominate the flow field of
both reacting and non-reacting flows (e.g. Cetegen and
Ahmed, 1993; Katta et al, 1994; Lingens et al., 1996;
Cetegen et al., 1998; Maxworthy, 1999; Jiang and Luo,
2000a). The mechanism leading to the formation of these
vortical structures is believed to be an absolute flow insta-
bility (Lingens et al., 1996; Maxworthy, 1999; Jiang and
Luo, 2000c), which is different from that of non-buoyant
jets. It was dentified (Jiang and Luo, 2000c) that the evo-
lIution of vortices in buoyant jets and plumes does not rely
on the spatial amplification of external perturbations applied
at the flow boundary but on the interactions between the
density gradients and gravity.

The near field dynamics of buoyant jets and plumes, such
as the formation and transport of vortices and laminar to
turbulent flow transition, still has not been fully understood.
In general, theoretical analysis is not able to deal with such
complicated flow patterns. Experimental measurements of
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Notation

Da,Ze, T; Damkohler number, Zeldovich number, and
flame temperature

e internal energy per unit mass

Er total energy, ple + (u? + v* +w?)/2]

Fr Froude number

g gravitational acceleration vector

L length

M Mach number

M;, W, chemical symbol and molecular weight for
species i

p pressure
Pr Prandtl number

q heat flux vector

Oh heat of combustion
Re Reynolds number
Sc Schmidt number
St Strouhal number

t

T

time
temperature
u,v,w velocity components in x, y, and z directions
\% velocity vector
X, ),z coordinates in the minor axis, major axis, and

streamwise (vertical) directions

Y; mass fraction for species i
Greeks

y ratio of specific heats

u dynamic viscosity

v stoichiometric coefficient for species i
14 mixture fraction

o density

T viscous stress tensor

1 scalar dissipation rate

o vorticity vector

T reaction rate

Other symbol

\Y gradient

Superscripts

* dimensional quantities

T transposition

Subscripts

0 fuel source

a oxidant ambient

f,o,p fuel, oxidizer and product
ref reference

the flow field are difficult to reach a high level of detail and
accuracy, especially for reacting flows. By using experimental
techniques, it is also hard to investigate the mechanisms
involved in the physical problem due to the coupling among
combustion, buoyancy, and flow turbulence. For the study
of the near field dynamics including flow transition, the
conventional numerical simulations based on Reynolds av-
eraging are not suitable either. Advanced numerical tech-
niques, such as direct numerical simulation (DNS), provide
a possibility to get a better understanding of the physical
problem.

Numerical studies on buoyant jets and plumes in non-cir-
cular configurations especially those concerning combustion-
induced buoyancy effects are very scarce in the literature.
Previous studies on buoyant jets and plumes by the present
authors (Jiang and Luo, 2000a,b,c) were limited to axisym-
metric and planar configurations. However, three-dimensional
effects are important in many applications and 3D simulations
are essential to the understanding of flow transition. In this
study, a fully 3D simulation is performed for a buoyant rect-
angular plume with an aspect ratio of 2:1. The plume consid-
ered is unsteady, viscous, reacting flow with temperature-
dependent viscosity. A global, one-step reaction governed by
temperature-dependent, finite-rate Arrhenius kinetics is used
to represent the chemistry.

In the context of DNS, most simulations reported in the
literature are temporal simulations (Moin and Mahesh, 1998)
with the imposition of periodic boundaries in at least one di-
rection, which are computationally less demanding. However,
it is not possible to simulate buoyant non-circular jets and
plumes in a temporal way because the buoyancy acceleration
in the streamwise direction and the non-parallel effects due to
flow entrainment through the side boundaries are significant in
the near field. Therefore, a spatial DNS is necessary to simu-
late buoyant jets and plumes. To restrict the computational
costs, the spatial DNS in this study is focused on the near field
of the rectangular plume, which provides detailed information
about the early stage of the spatial development of the flow
field.

DNS results are presented mainly for a rectangular reactive
plume in this paper, but some results from the simulation of a
rectangular non-reactive thermal plume are also included to
highlight their differences. The rest of the paper is organized as
follows. Section 2 first presents the governing equations for the
flow field, and then introduces the numerical methods and
boundary conditions for the spatial DNS of open-boundary
buoyant flows. Section 3 is a discussion of the simulation re-
sults from a comparative study of rectangular reactive and
non-reactive plumes. The analysis of results is based on both
instantaneous and time-averaged flow quantities. Finally,
conclusions are drawn in Section 4.

2. Mathematical formulation
2.1. Governing equations

The physical problem is a fuel jet issuing vertically into an
oxidant ambient environment. The aspect ratio of the rectan-
gular nozzle was chosen to be 2:1, which is of practical interest
(Hertzberg and Ho, 1995; Wilson and Demuren, 1998). The
fuel and oxidizer are assumed to be unmixed at the base plane
and a non-premixed flame is established above the rectangular
base when the fuel/oxidizer mixing takes place. Currently, a
complete DNS of reacting flows in 3D with multi-species
transport and detailed chemistry is still out of reach of the
computer power (Candel et al., 1999). In this investigation, a
simple one-step global reaction viM; + voM, — v,M,, with fi-
nite-rate Arrhenius kinetics is presumed for the chemistry to
avoid the prohibitively high computational costs of a simula-
tion with detailed chemistry.

The flow field is described as unsteady, buoyant, reacting
flow with temperature-dependent viscosity. For the mathe-
matical formulation of low-speed reacting flows, a low Mach
number approximation to the governing equations is widely
used to allow larger time steps compared with using the fully
compressible formulation. However, in a DNS of reacting
flows, it is usually the fastest reaction, and not the flow velocity
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or acoustics, that sets the maximum allowable time steps.
Therefore, the governing equations used in this study are the
compressible time-dependent Navier—Stokes equations in non-
dimensional form. The reaction rate is described by the Ar-
rhenius law (Luo and Bray, 1998; Luo, 1999), which takes the
form of wr = Da(pY;/W;)" (pYo/W,)™ exp|—Ze(1/T — 1/T;)]
after normalization. It follows that the reaction rates for in-
dividual species are wf = —viW;ot, 0, = —Vv.W,wr and
w, = vpWyor, respectively. The heat release rate is w, = Opor.
Reference quantities are: gi; = 9.81 m/s?, magnitude of the
gravitational acceleration; L = L;, Width of the fuel jet along
the major axis direction at the inlet; 7%, = T, ambient tem-
perature; wi; = w;, maximum streamw1se (Vertlcal direction)
velocity of the fuel jet at the inlet; g = p, fuel viscosity at
ambient temperature; and p;, = p;, fuel density at ambient
temperature. The dynamic viscosity was chosen to be tem-
perature- dependent according to a power law of the form
1= 1,(T/T,)"". The conservation laws for mass, momentum,
energy and chemlcal species can be written in non-dimensional
form as
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Buoyancy terms are included in both the streamwise momen-
tum and energy equations as (p, — p)g./Fr and (p, — p)wg./
Fr, where g, = —1 is the gravity imposed in the downwards
vertical direction. In the above governing equations, x-direc-
tion is aligned with the minor axis at the inlet, while y-coor-
dinate is along the major axis. The terms ‘“‘major” and
“minor” used here refer to the dimensions of the fuel jet at the

inlet plane. The constitutive relations for viscous stress com-
ponents are

T = —2/3 p/Re (—20u/dx + dv/0dy + dw/0dz),
7,, = —2/3 p/Re (Ou/0x — 20v/dy + dw/0z),

7, = —2/3 u/Re (Ou/dx + 0v/dy — 20w/0z),

Ty = fi/Re (0v/0x + 0u/dy),

T, = ft/Re (Ow/dx + 0u/0z),

7,, = pt/Re (Ow/dy + 0v/0z),

while the heat flux components are expressed as
q: = —1/[(y — 1)M*PrRe]dT /ox,

gy = —1/[(y = 1)M*PrRe|0T /2y,

q- = —u/[(y — 1)M*PrRe]OT /0z.

N

The perfect-gas law for the mixture is

oT Wi Wi
Y; Yo+-—7Y, ). 2
P= ))M2<f+VVO +pr (2)

2.2. Numerical solution

The governing equations are solved using a sixth-order
compact finite difference scheme with a spectral-like resolution
(Lele, 1992) for the evaluation of the spatial derivatives in all
the three directions. This allows more flexibility in the speci-
fication of boundary conditions (Jiang and Luo, 2000a,b), with
minimal loss of accuracy relative to spectral methods. A third-
order fully-explicit compact-storage Runge-Kutta scheme
(Williamson, 1980) is used to advance the equations in time.
The time step is limited by the Courant-Friedrichs—Lewy
(CFL) condition for stability and a chemical restraint (an in-
crease in the local product mass fraction of more than 0.01% is
not allowed for one time step).

At the inlet, a rectangular plume source (fuel) with di-
mensions of (0~0.5, —0.5~0.5) is prescribed on the base plane
of 0<x<L,and —L,/2<y<L,/2, where L, and L, stand for
the inlet domain size. For the streamwise velocity, a “top-hat”
profile given by

w = {1 + tanh[20(0.5 — |x — L,/2|)]}{1 + tanh[20(1 — |y|)]}
/[1 + tanh(10) 4 tanh(20) + tanh(10) tanh(20)]

is assumed. At this base plane, the cross-stream velocity
components are specified as zero. Therefore the flow initially
has zero streamwise vorticity. The flow field inside the domain
is initialized with the inlet conditions at the plume base.
Buoyant jets and plumes display an intrinsic, absolutely un-
stable flow instability (Huerre and Monkewitz, 1990; Lingens
et al., 1996; Maxworthy, 1999) in which vortices evolve natu-
rally in the flow field due to the gravitational effects (Jiang and
Luo, 2000c). Therefore there is no need to apply external
perturbations at the inflow boundary for the development of
flow vortices. In the numerical simulation, the external stim-
ulus to initiate flow vortices can arise from a slight mismatch
between the imposed initial conditions and solutions to the
flow field. As a result of the spatial nature of the simulation,
initial conditions are of minor importance to the developed
flow field at the later stage.

Boundary conditions are specified using the general for-
mulation for DNS of Navier—Stokes equations by Poinsot and
Lele (1992), which is based on the analysis of characteristics.
The computational domain is bounded by the inflow and
outflow boundaries in the streamwise direction. At the inflow
boundary, temperature is treated as a “soft” variable while
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other variables are imposed with their initial values. For the
outflow boundary, non-reflecting characteristic boundary
condition (Thompson, 1987) is used. Such a boundary condi-
tion, like all others, assumes that the flow is 1D at the
boundary. However, the real flow field at the outlet is of multi-
dimensional nature due to the existence of flow vortices. It was
found necessary to use an additional sponge layer (Jiang and
Luo, 2000a,b) next to the outflow boundary to completely
eliminate spurious wave reflections. The computational results
in the sponge layer are not truly physical and therefore not
used in the data analysis. The boundary condition in the cross-
stream directions is the entrainment boundary condition (Jiang
and Luo, 2000a,b), which allows entrainment of the ambient
fluid into the computational domain with the entrainment
velocity obtained from the characteristic form of the momen-
tum equation by applying the local 1D inviscid relations
(Poinsot and Lele, 1992). Details of the boundary conditions
for the spatially developing open-boundary buoyant flow can
be found in Jiang and Luo (2000a,b).

3. Results and discussion

Simulation results from a reacting case with Re = 1000 and
Fr = 1.5 are presented. The effect of buoyancy on the resolution
sets a limit on the Froude number that can be prescribed in
DNS (Elghobashi et al., 1999) under a certain number of grid
points. The Froude number used in this study was chosen so
that the buoyant reacting flow field can be fully resolved. The
fuel temperature at the inlet is assumed to be 3, which was
chosen to ensure autoignition of the mixture (Grinstein and
Kailasanath, 1995, 1996; Vervisch and Poinsot, 1998). To iso-
late the effects of combustion-induced buoyancy, the fuel and
oxidizer are assumed to be of equal molecular weight. The ratio
of specific heats, Prandtl and Schmidt numbers are assumed to
be constants: y =14, Pr=1 and Sc =1. A Mach number
M = 0.1 is used, under which the flow compressibility is neg-
ligible. The parameters used for the chemical reaction are:
Da = 6,Ze =12, T; = 6, and Oy, = 1650. The reason behind the
choice of these values is to mimic the behavior of a low heat
release combustion within the computational restrictions.

A computational domain of the size of 3 x 6 x 8 with a
sponge layer above z = 7 is used, which was chosen to ensure a
minimal effect of boundaries on the simulation results. The
results presented next are obtained from a grid of

@ -3 -2

108 x 216 x 288 nodes. For a sufficiently small reference
length scale (e.g. L. < 1 cm), the grid points used are sufficient
to fully resolve the energy spectrum. The results are considered
to be grid-independent since no appreciable changes in the
solution was observed when the grid spacing was decreased.
The solution was also tested to be time step independent.
Simulations have been performed on the massively parallel
computer Cray T3E-1200E in Manchester by using 72 pro-
cessors. The CPU time used for the reactive case is approxi-
mately 24000 PE hours, while it is about 9000 PE hours for the
non-reactive case. The 3D parallel DNS code used in this study
is an extension of the axisymmetric and planar DNS codes for
buoyant reacting flows (Jiang and Luo, 2000a,b,c). In the
following, results are mainly discussed for the reacting case,
while some results from the non-reactive thermal plume sim-
ulation are also included to illustrate the effects of chemical
heat release on the reactive plume.

3.1. Instantaneous plume structures

Buoyant jets and plumes display a periodic pulsation be-
havior known as “flickering” or “puffing” phenomenon as-
sociated with the formation and convection of buoyancy-
induced large vortical structures in the near field (Cetegen
and Ahmed, 1993; Katta et al., 1994; Lingens et al., 1996;
Cetegen et al., 1998; Maxworthy, 1999; Jiang and Luo,
2000a). Fig. 1 shows the temperature contours on the major
axis plane of the rectangular reactive plume at two different
times within one pulsation period. It can be observed that
large vortical structures evolve spatially in the flow field. Very
close to the plume base, the “necking” phenomenon can be
seen clearly, which is due to the buoyancy acceleration and
flow entrainment (Jiang and Luo, 2000a). With the convec-
tion of the large vortical structures in the streamwise direc-
tion by the mean flow, the flow exhibits a periodic behavior.
The pulsation period of this reactive plume is approximately
At =2.0. The maximum flame temperature at a certain lo-
cation of the flow field also changes with time due to the
periodic pulsation of the flow.

Fig. 2 shows the temperature contours on z = 5.0 plane at
the downstream of the rectangular reactive plume. It can be
observed that the local plume structure does not preserve its
original rectangular shape. Due to the vortex deformation ef-
fects associated with the aspect ratio and corner features of the
rectangular geometry (Wilson and Demuren, 1998; Gutmark

b -3 -2

Fig. 1. Temperature contours on the major axis plane of the reactive plume (15 contours between the minimum and maximum as indicated): (a) 1.00—

4.14 (1=23.0); (b) 1.00-4.43 (1 =24.0).
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Fig. 2. Temperature contours on z = 5.0 plane of the reactive plume (15 contours between the minimum and maximum as indicated): (a) 1.00-3.88

(t=23.0); (b) 1.00-2.73 (¢=24.0).

and Grinstein, 1999), the reactive plume evolves spatially with
complex 3D structures.

Fig. 3 shows the temperature contours on the minor axis
plane of the rectangular reactive plume. It is observed that the
plume spreads rapidly in the minor axis direction at the
downstream. The temperature contours of the non-reactive
thermal plume on the minor axis plane corresponding to Fig. 3
are shown in Fig. 4. Apparently the thermal plume is much less
vortical than the reactive plume and it does not spread sig-
nificantly in the lateral direction. Although vortical structures
start to form in the flow field and the flow exhibits a similar
periodic behavior, the non-reactive thermal plume remains
laminar without any significant spreading in the cross-
streamwise directions. This behavior is similar to that observed
in experiments for low density ratio plume with weak buoy-
ancy (e.g. Cetegen et al., 1998).

The results discussed above clearly indicate the importance
of combustion-induced buoyancy effects on the flow structures.
The density ratio of the reactive plume is higher than that of
the non-reactive thermal plume due to the chemical heat re-
lease. This difference in buoyancy level consequently leads to
significant differences in the flow dynamics of the two cases.
The differences between these two cases will be further dis-
cussed in terms of flow transition characteristics.

6 6
5 51
4 4 A
N 3 N3
2 21
1 11
0 0
@ o 3 (b) O 3
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Fig. 3. Temperature contours on the minor axis plane of the reactive
plume (15 contours between the minimum and maximum as indicated):
(a) 1.00-3.86 (1=23.0); (b) 1.00-3.86 (r =24.0).
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Fig. 4. Temperature contours on the minor axis plane of the non-re-
active thermal plume (15 contours between the minimum and maxi-
mum as indicated): (a) 1.00-2.99 (r=23.0); (b) 1.00-2.99 (1 =24.0);

For the reactive plume, combustion-induced vortices
dominate the flow field. The 3D vortical structures in the re-
active plume can be represented by distributions of the vor-
ticity magnitude. The three components of the vorticity are
w, = Ow/0y — 0v/0z, w, = 0u/0z—0w/0x, and w, = Ov/Ox—
Ou/0dy, respectively. The 3D visualization of the enstrophy
(w? 4+ w? + w?)/2, which is the magnitude of vorticity (Elg-
hobashi et al., 1999) is shown in Fig. 5. It can be observed that
well-organized large coherent structures are present in the re-
gions close to the plume base, while a more disorganized flow
field indicating the development of small scales is present at the
downstream. In this plot, the high values of enstrophy are
prevalent at the downstream, which are associated with the
breakdown of large vortical structures into small scales.

From Figs. 1-4, it is also observed that the flow remains
symmetric about the geometric center of the plume. This is due
to the fact that there was no force to break the flow symmetry
in the simulations. To isolate the effects of buoyancy instability
from the shear instability, external perturbations were not used
at the inflow boundary in this study. This is different from the
non-buoyant reactive jet simulations performed by Grinstein
and Kailasanath (1995, 1996), in which asymmetric perturba-
tions were applied at the inflow boundary to trigger the shear
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Fig. 5. Instantaneous 3D visualization of the vorticity magnitude of
the reactive plume at ¢ = 24.0.

instability. It is worth noting that the shading of the 3D vol-
ume visualization in Fig. 5 depends not only on the quantity
magnitude but also on the viewing distance and angle. Al-
though the simulated buoyant reactive flow remains symmetric
due to the absence of disturbance, the breakdown of large scale
vortices into small scales as that indicated in Fig. 5 still occurs
in the flow field due to 3D vortex interactions.

For a diffusion flame, the flow must satisfy two criteria for a
significant reaction to occur: both the fuel and oxidizer must
be mixed at a given point in the field and the temperature must
be high enough at that point. Fig. 6 shows the reaction rate
profiles at the centerline of the reactive plume at three different
times corresponding to approximately one pulsation period.
The periodicity is indicated by the close match of the reaction

0.020]
0.015[ e

0.010

reaction rate

0.005

0.000L ‘ ‘ hapert
0 1 2

solid line: t=22.0; dotted line: t=23.0; broken line: t=24.0

Fig. 6. Reaction rate profiles at the centerline of the reactive plume.

rates at ¢+ = 22.0 and ¢ = 24.0 as the period of the pulsation is
about At = 2.0. In the reactive plume, buoyancy-induced large
vortical structures control the mixing process and cause the
periodic behavior of the diffusion flame. The flame intermit-
tency associated with the pulsation is also evident in this figure.
The formation of the holes inside the flame in which no
chemical reactions take place can be attributed to the local
unmixedness of the fuel/oxidizer mixture due to the vortical
structures and fuel consumption at the downstream.

An important parameter in turbulent combustion modelling
is the scalar dissipation rate (Peters, 1984; Bray and Peters,
1994). Many popular turbulent combustion modelling ap-
proaches, such as the flamelet models (Peters, 1984), are based
on the scalar dissipation rate and assume that the reaction
occurs along the stoichiometric surface where the scalar dissi-
pation is intense (Peters, 1984; Bray and Peters, 1994). For a
diffusion flame, the mixing process can be represented by the
mixture fraction ¢ = (s¥; — Y, + 1)/(1 +s), where s = (v, W,)/
(veW;) stands for the mass of oxidizer required to react with a
unit mass of fuel. The non-dimensional dissipation rate of
mixture fraction is defined as y = 2u/(ReSc)V¢- VE. Fig. 7
shows the scalar dissipation rate profiles at the centerline of the
non-premixed flame corresponding to the reaction rates shown
in Fig. 6. It is observed that there is a rough correspondence
between the peaks of scalar dissipation rate and the intense
reaction zones. However, the scalar dissipation zones are nar-
rower than the reaction zones. Furthermore, the peaks of scalar
dissipation rate lag slightly behind the peaks of reaction rate.
Mabhalingam et al. (1990) also observed the breakdown of the
correspondence between scalar dissipation and intense reaction
zones in their simulation of a buoyant diffusion flame, which
was explained as a consequence of the buoyancy-induced vor-
tical structures. A more likely reason, however, is that the DNS
simulates a more realistic finite-rate chemistry instead of the
fast chemistry assumed in turbulent combustion modelling
based on y. The issue clearly needs further investigation.

3.2. Flow transition and vortex dynamics

The underlying fluid dynamics leading to the large and small
vortical structures in the reactive plume can be understood by
examining the vorticity transport. The trend of the increase of
the small scales in the more disorganized downstream portion of

scalar dissipation rate
o
o
~
T

solid line: t=22.0; dotted line: t=23.0; broken line: t=24.0

Fig. 7. Scalar dissipation rate profiles at the centerline of the reactive
plume.
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the reactive plume such as shown in Fig. 5 can be further un-
derstood by spectral analysis of the flow field. Fig. 8 shows the
energy spectra of the reacting case determined from the history
of the instantaneous centerline streamwise velocity at different
vertical locations of the flow field by using Fourier analysis,
which is expressed in logarithmic scales (to the base 10) of the
non-dimensional frequency (Strouhal number) and kinetic en-
ergy. The spectral analysis used velocity data taken over a time
interval of six pulsation periods for the fully developed reactive
plume after the initial stage of the simulation. It can be observed
that the most energetic mode occurs at a low frequency, which is
about St = 0.5. This frequency is the “puffing” or “flickering”
frequency of the buoyant reactive plume associated with the
formation and convection of large vortical structures in the flow
field (Jiang and Luo, 2000a). Further downstream, the flow
becomes more energetic, and higher frequency harmonics are
developed in the flow field.

The most important feature in Fig. 8 is the development of
these high frequency harmonics associated with the popularity
of small scales at the downstream of the reactive plume, which
indicates the emergence of small-scale turbulence in the flow
field. At the location of z = 6.0, the centerline streamwise ve-
locity fluctuates approximately between 1.0 and 3.0 with the
temperature fluctuating around 7 = 2.0, the local turbulence
Reynolds number is roughly estimated to be about 300, which
is high enough for turbulence to develop. Flow transition to
turbulence is the direct consequence of the breakdown of large
scale vortical structures due to strong vortex interactions, es-
pecially the interactions between the streamwise vorticity and
the cross-streamwise vorticity (Grinstein and DeVore, 1996).
The quantitative trends of transition to turbulence can be
measured by the Kolmogorov cascade theory, which states a
power law correlation between the energy and frequency:
E(St) ~ St7/3. In Fig. 8, the Kolmogorov power law is plotted
together with the energy spectrum at the location of z = 6.0.
Apparently the behavior of this rectangular reactive plume
follows the Kolmogorov cascade theory, indicating the oc-
currence of flow transition to turbulence at the downstream.

For comparison, Fig. 9 shows the Fourier analysis of the
energy spectra of the instantaneous streamwise velocity at
different vertical locations of the non-reactive buoyant thermal
plume. This non-reactive plume is less energetic than the re-
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Fig. 8. Energy spectra of the instantaneous centerline velocity at
different vertical locations of the reactive plume (chained line:
Kolmogorov cascade theory ~ St=>/3).
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Fig. 9. Energy spectra of the instantaneous centerline velocity at dif-
ferent vertical locations of the thermal plume.

active plume at small scales, although the puffing or flickering
frequencies of the two cases are quite close. The non-reactive
thermal plume does not develop significant high frequency
harmonics at the downstream, due to the lack of small scales.
This is a significant difference between the reactive plume and
the non-reactive thermal plume. The non-reactive thermal
plume is much less vortical than the reactive plume (as shown
in Fig. 4) because of insufficient buoyancy effects, consequently
vortex interactions and breakdown do not occur in this non-
reactive thermal plume. The results indicate the importance of
combustion-induced buoyancy effects on the flow transitional
dynamics.

For non-buoyant reactive jets, Grinstein and Kailasanath
(1995, 1996) found that the effect of chemical heat release was
to reduce the flow vortical level and relaminarize the turbulent
flow field. In their simulations, the non-buoyant jets were
perturbed at the inflow boundary to trigger the flow turbulent
behavior. For the buoyant cases studied here, simulations
performed without external disturbance indicate that the vor-
tical structures due to buoyancy are self-sustaining. In contrast
with the relaminarization effects of chemical exothermicity on
non-buoyant jets, the combustion-induced buoyancy in the
reactive plume enhances the flow vortical level and the ten-
dency towards transition to turbulence. The mechanism be-
hind this is that buoyancy has the effect of promoting the flow
vortical level as discussed below.

Vorticity is a transportable quantity and, once generated, it
can be convected, diffused, augmented or terminated. The
governing equation for the vorticity transport in buoyant flows
with gravitational effect can be written in a vector form as

Do 1
= (w-V)Vfw(V~V)+p(Vp><Vp)
1 p, 1

The terms on the right-hand side are the vortex stretching
term, dilatation term, baroclinic torque, gravitational term,
and viscous term, respectively. Among the five terms on the
right-hand side of Eq. (3), it is known that the dilatation term
and viscous term mainly attenuate flow vorticity (Givi, 1989).
The relaminarization effect of chemical heat release on non-
buoyant jet flames such as that observed by Grinstein and
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Kailasanath (1995, 1996) is mainly because of these two terms
(Jiang and Luo, 2000b). However, the importance of these two
terms in the vorticity transport budget is insignificant for
buoyant flows with moderately high Reynolds number and low
Froude number (Jiang and Luo, 2000a,b,c), such as the case
investigated here.

For buoyant flows, the stretching term, baroclinic torque
and gravitational term are the major terms in the vorticity
transport. It was identified that the combined effect of these
terms is to promote the flow vortical level of buoyant jets and
plumes (Jiang and Luo, 2000a,b,c). Among the major terms,
the gravitational term promotes the flow vortical level not only
in a global sense but also in a local sense, while the baroclinic
torque can either promote or destroy vorticity depends on the
local flow structures. The stretching term spatially distributes
the vorticity in three dimensions.

In most cases, the gravitational term due to the interaction
between density gradients and gravity is an important term in
the vorticity generation of buoyant jets and plumes, which can
initiate flow vorticity (Jiang and Luo, 2000a,b,c). The gravi-
tational term is zero for non-buoyant jets, but it is significant
for buoyant flows. The three components of the gravitational
term in general form are p,(g.0p/0y — g,0p/0z)/(p*Fr),
P.(:0p/0z — g:0p/x)/(p*Fr), and p,(g,0p/0x —gdp/ )/
(p*Fr), in x, y, and z directions, respectively. For the flow
configuration in this study, they are —p,0p/0y/(p*Fr),
p.0p/ox/(p*Fr), and 0, respectively. This implies that the
gravitational term does not contribute to the streamwise vor-
ticity. However, once the cross-streamwise vorticity w, and ,
are generated, the significant vortex stretching ,0w/dx+
w,0w/0y + w.0w/0z and baroclinic torque (0p/0x0p/0y—
Op/dydp/dx)/p? in the streamwise direction will subsequently
lead to the development of streamwise vorticity. For brevity,
the detailed transport budgets are not shown here.

For the reacting case, combustion leads to high tempera-
tures, and in turn higher density inhomogeneities in the flow
field compared with the non-reactive case. Due to the more
significant gravitational effects, vortex stretching, and baro-
clinic torque, the reactive flow field is much more vortical than
the non-reactive thermal plume, and therefore it has a strong
tendency of transition to turbulence under the effects of com-
bustion-induced buoyancy.

Fig. 10 shows the history of the vorticity extrema in the
computational domain of the rectangular reactive plume. The
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Fig. 10. History of the vorticity extrema of the reactive plume.

streamwise vorticity @, is initially zero, it develops after the
development of the vorticity in the cross-stream directions.
When the flow reaches the periodic stage, the streamwise
vorticity is about the same amplitude as the cross-streamwise
vorticity o, in the minor axis direction. With the spatial de-
velopment of the reactive plume, strong 3D vortex interactions
occur at the downstream of the flow field due to the develop-
ment of the significant streamwise vorticity. These interactions
consequently lead to the breakdown of the large scale vortical
structures, and mixing transition (Dimotakis, 2000) occurs as
shown in Fig. 8 by the energy spectrum at the downstream of
the reactive flow field. From Fig. 10, it also can be observed
that the vorticity in the major axis direction w, is higher (in
terms of absolute value) than that of the vorticity in the minor
axis direction w, due to the aspect ratio effect of the rectan-
gular geometry.

3.3. Time-averaged flow quantities

Simulation results presented above are instantaneous
quantities. Time-averaged flow statistics are also of interests.
Mean global plume properties were obtained by averaging the
flow quantities over six pulsation periods after the initial
transients had been convected out of the computational do-
main. Figs. 11 and 12 show the streamwise velocity distribu-
tions of the rectangular reactive plume.

For the mean flow field of non-circular jets, the most in-
teresting discovery was the phenomenon of axis-switching (Ho
and Gutmark, 1987; Gutmark and Grinstein, 1999). Jet
spreading in the minor axis plane was observed to be much
greater than that in the major axis plane. This has been un-
derstood as the consequence of the vortex deformation and
self-induction processes associated with the aspect ratio and
corner effects of non-circular jets (Grinstein and DeVore, 1996;
Wilson and Demuren, 1998; Gutmark and Grinstein, 1999).
Up to date, reports on the near field mean flow characteristics
of buoyant non-circular jets and plumes are very scarce. The
averaged quantities presented in Figs. 11 and 12 reveal the
effects of buoyancy on the mean flow quantities in the near
field.

The time-averaged streamwise velocity profiles on the ma-
jor and minor axis planes of the reactive plume are shown in
Figs. 11 and 12, respectively. It can be seen that the reactive
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Fig. 11. Time-averaged streamwise velocity profiles on the major axis
plane of the reactive plume.
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Fig. 12. Time-averaged streamwise velocity profiles on the minor axis
plane of the reactive plume.

plume grows much faster in the minor axis direction than in
the major axis direction at the downstream. The plume
spreading in the minor axis direction is almost twice as fast as
that in the major axis. This trend is similar to that observed for
non-buoyant jets. It is evident that this plume has a tendency
towards axis-switching similar to that observed for non-
buoyant jets. This is due to the fact that the vortex deforma-
tion effects due to 3D vortex interactions also occur in this
buoyant plume although the mechanisms leading to the for-
mation of vortices in plumes and non-buoyant jets differ from
each other. The results shown indicate the aspect ratio and
corner features of the rectangular buoyant reactive plume.

From Figs. 11 and 12, it is observed that within the distance
of z = 1.0, the plume does not spread in both the major and
minor axis directions, but the streamwise velocity increases
significantly within this distance. It is because of the buoyancy
acceleration and the necking phenomenon close to the inlet
plane as those shown in the instantaneous plots. This trend is
different from that reported for non-buoyant jets (Ho and
Gutmark, 1987), in which the averaged velocity decays in the
streamwise direction with the jet spreading in lateral direc-
tions. At this distance, the flow also maintains its top-hat
profile specified at the inlet. The situation is quite different
further downstream. The flow acceleration decays in the
streamwise direction with the progress of the mixing. The
mixing process is dominated by the vortical structures due to
combustion-induced buoyancy effects, and the breakdown of
vortices due to 3D vortex interactions at the downstream has a
significant impact on the mixing process. It can be observed
that the centerline velocity at z = 5.0 is slightly lower than that
at z = 3.0 with the spreading of the plume in lateral directions.
It is worth noting that there is no comparable experimental
data available, and thus, a direct comparison with experiments
is not feasible.

4. Summary and conclusions

The near field dynamics of buoyant jets and plumes, in-
cluding flow instabilities, formation and interaction of the
large scale vortical structures and flow transition to turbulence,
is an area requiring a better understanding. Although spatial
DNS of non-circular jet flames are available in the literature,

this study is the first attempt to investigate the near field dy-
namics of non-circular jet diffusion flames under the effects of
buoyancy.

The dynamics of buoyancy-driven non-circular jet diffusion
flames mainly depends on the buoyancy instability which is
different from that of non-buoyant jet diffusion flames. In
buoyant diffusion flames, formation and convection of the
buoyancy-induced vortical structures lead to the periodic be-
havior of the flame in the near field. The large scale vortical
structures facilitate the mixing between the fuel and oxidizer.
These large vortical or coherent structures also interact with
the reaction zone, thereby causing periodic distortions of the
reaction zone, oscillations of the flame temperature and
thickness. The flame shows discontinuity and non-uniformity
due to the existence of the large vortical structures.

A strong tendency towards flow transition to turbulence
due to the combustion-induced buoyancy effects has been
observed for the rectangular reactive plume. In the regions
close to the inlet, formation of the large coherent structures
and the necking phenomenon due to buoyancy effects are
observed. As the flow develops spatially in the streamwise di-
rection, a more disorganized flow regime appears at the further
downstream, characterized by smaller scales indicating the
development of turbulence in the flow field. The energy spec-
trum of the instantaneous velocity at the downstream of the
reactive plume is consistent with the Kolmogorov cascade
theory. The breakdown of the vortices and flow transition are
the consequences of 3D vortex interactions. Unlike non-
buoyant jet diffusion flames, the transition in the rectangular
buoyant diffusion flame develops naturally without applying
external perturbations at the flow boundary. This has been
understood as the consequence of the combustion-induced
buoyancy effects.

For the averaged flow quantities, unlike the decay of the
streamwise velocity of non-buoyant jets, the streamwise ve-
locity of the buoyant reactive plume increases at locations very
close to the plume base, while it starts to decay at the down-
stream with further mixing of the fluid due to turbulence. The
corner and aspect ratio effects of non-circular jets are also
observed in this rectangular buoyant reactive plume, which has
the tendency towards axis-switching.
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