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ABSTRACT

This paper describes a spatial direct numer-
ical simulation of the flow transition of a buoy-
ant diffusion flame established on a rectangular
nozzle with an aspect ratio of 2:1. Without
applying external perturbations, large vortical
structures develop naturally in the flow field.
At the downstream, the spatially developing
reacting jet shows a tendency of transition to
turbulence under the effects of combustion-
induced buoyancy. Turbulent inertial range
has been observed.

INTRODUCTION

As an efficient technique of passive flow con-
trol, noncircular jets are encountered in many
engineering applications such as combustors,
cooling of energy conversion devices, and ex-
haust of aerospace vehicles, as well as in envi-
ronmental problems. In the last fifteen years,
noncircular jets have been the topic of exten-
sive research, both experimentally and numeri-
cally. The topic was recently reviewed by Gut-
mark 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.
Buoyancy effects are especially important to
low speed combustion applications. However,
buoyancy effects have not been taken into con-
sideration in the existing numerical studies of
noncircular jets.

Free-jets in open-boundary domains with
buoyancy effects are usually characterized by
a turbulent, weakly buoyant far field and a
strongly buoyant near field. The near-field
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dynamics, such as the formation and trans-
port of vortices and laminar-to-turbulent flow
transition, plays an important role in the spa-
tial development of a jet flow. It has been
understood that the flow instability of buoy-
ant jets is fundamentally different from that
of nonbuoyant jets. Buoyant jets and plumes
display an intrinsic, absolutely unstable insta-
bility (Huerre and Monkewitz, 1990; Lingens et
al., 1996; Maxworthy, 1999), in which the evo-
lution of vortices does not rely on the spatial
amplification of external perturbation applied
at the inflow boundary but on the gravita-
tional effect due to the interaction between
density gradients and gravity (Jiang and Luo,
2000). For the mean flow field, unlike the decay
of streamwise velocity of nonbuoyant jets, the
streamwise velocity of buoyant jets increases in
the near field due to the buoyancy acceleration.

In light of the deficiency of numerical stud-
ies on noncircular jets with buoyancy effects, a
direct numerical simulation (DNS) of a rect-
angular buoyant reacting jet with an aspect
ratio of 2:1 on the nozzle plane is considered.
The physical problem is a fuel jet issuing ver-
tically into an ambient oxidant environment
with a non-premixed flame established above
the inlet plane. A fully three-dimensional
(3D) simulation is performed. Since the pri-
mary focus of this study is on the combustion-
induced buoyancy effects on the rectangular
jet, not the details of the inner flame struc-
ture, a global, one-step reaction governed by
temperature-dependent, finite-rate Arrhenius
kinetics is used to represent the chemistry.
This assumption has been made to avoid the
prohibitively high costs of a fully 3D simulation
with complex chemical kinetics.



MATHEMATICAL FORMULATION

The governing equations used are the com-
pressible time-dependent Navier-Stokes equa-
tions in non-dimensional form. Major refer-
ence quantities used in the normalization are:
width of the fuel jet along the major axis of
the rectangular nozzle, maximum velocity of
the fuel jet at the nozzle, and ambient density,
temperature and viscosity. The viscosity is
chosen to be temperature-dependent according
to u = pa(T/T,)*". In the governing equa-
tions, x—direction is aligned with the minor
axis of the rectangular nozzle, y—coordinate
is along the major axis, and z—direction is
assumed to be the streamwise (vertical) direc-
tion. The terms “major” and “minor” used
here refer to the dimensions of the fuel jet
on the inlet plane. The gravitational effect
is expressed as buoyancy terms (p, — p)g/Fr
and (pg — p)wg/Fr in the streamwise momen-
tum equation and energy equation respectively,
where Froude number is defined as Fr
w62/(g;‘efL6) and ¢ is the gravity imposed in
the downwards vertical direction. The govern-
ing equations also include the perfect gas law
for the mixture. A one-step global reaction
with the non-dimensional reaction rate given
by Luo (1999) is used. To isolate the effects
of combustion-induced buoyancy, the fuel and
oxidizer are assumed to be of equal molecular
weight. The species are also assumed to be of
equal viscosity.

A sixth-order accurate compact finite dif-
ference scheme (Lele, 1992) is used to evaluate
the spatial derivatives in the governing equa-
tions in all the three directions. A third-order
accurate fully-explicit compact-storage Runge-
Kutta scheme is used to advance the equations
in time. The specification of the boundary
conditions is performed by using the general
formulation of boundary conditions for DNS
of Navier-Stokes equations by Poinsot and Lele
(1992), which is based on the analysis of char-
acteristics. The 3D computational domain is
bounded by the inflow and outflow boundaries
in the streamwise direction and the entrain-
ment boundary in the cross-stream directions.
Details of the boundary condition formulation
can be found in Jiang and Luo (2000).

A “top-hat” profile is assumed for the
streamwise velocity on the inlet plane, while
the cross-streamwise velocity components are
taken as zero. Due to the absolutely unstable
nature of the flow, no perturbation was applied
at the inflow boundary. The effect of buoyancy
on the flow resolution sets a limit on the mini-
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mum value of Froude number that can be pre-
scribed in a DNS of buoyant flows (Elghobashi
et al., 1999) under a certain number of grid
points. The simulation has been performed
with Froude number Fr = 1.5 and Reynolds
number Re = 1000, bases on the inlet reference
quantities. The ratio of specific heats, Prandtl
and Schmidt numbers used in the simulation
are chosen to be constants: v = 1.4, Pr = |
and Sc = 1. Parameters used for the chemi-
cal reaction are: Damkdhler number Da = 6,
Zeldovich number Ze = 12, flame temperature
Ty = 6, and heat of combustion ), = 1650.
The reason for the choice of these values is to
mimic the behavior of a low heat release com-
bustion under the computational restrictions
of the DNS approach. The fuel temperature at
the inlet is assumed to be 3, which was chosen
to ensure autoignition of the mixture (Grin-
stein and Kailasanath, 1996). A computational
domain of the size of 3x6x8 with a grid system
of 108 x 216 x 288 nodes was used. The simu-
lation was performed on the massively parallel
computer Cray T3E-1200E in Manchester by
using 72 processors. The results were tested as
grid independent and time-step independent.

RESULTS AND DISCUSSION

The near field of the rectangular buoyant
reacting jet is fully resolved in both space and
time, which provides detailed information on
the flow field that can be used to probe the
flow physics. Due to the combustion-induced
buoyancy, the reacting jet develops transitional
behaviour under the moderate Reynolds num-
ber considered. The results are discussed in
terms of instantaneous flow quantities, energy
spectra, and time-averaged flow quantities. Fo-
cus has been given to the flow structures and
transitional dynamics.

Buoyant jets and plumes display a peri-
odic pulsation behavior known as “flickering”
or “puffing” phenomenon associated with the
formation and convection of buoyancy-induced
large vortical structures in the near field (Cete-
gen et al., 1998; Maxworthy, 1999; Jiang and
Luo, 2000). Fig. 1 shows the temperature
contours on the major axis plane of the rectan-
gular reacting jet at two different times within
one pulsation period. It is observed that large
vortical structures evolve spatially in the flow
field. Close to the inlet plane, the “necking”
phenomenon can be observed, which is due
to the buoyancy acceleration and flow entrain-
ment. With the convection of the large vortical
structures in the streamwise direction by the



mean flow, the flow exhibits a periodic behav-
ior. The maximum flame temperature at a
certain location of the flow field also changes
with time due to the pulsation of the flow.

Figure 2 shows temperature contours on the
minor axis plane. It is noticed that the reacting
jet spreads rapidly in the minor axis direction
at the downstream. Fig. 3 shows temperature
contours on z = 5.0 plane at the downstream of
the rectangular reacting jet. Due to the vortex
deformation effects associated with the aspect
ratio and corner features of the rectangular ge-
ometry (Gutmark and Grinstein, 1999), the
reacting jet evolves spatially with complex 3D
structures.

In the near field, a buoyant jet entrains its
ambient fluids and the entrainment dominates
the mixing. Fig. 4 shows the instantaneous
entrainment characteristics of the reacting jet,
which is the cross-streamwise velocities on the
major axis plane at z = 5.0. The three dif-
ferent times shown in the figure correspond
approximately to one pulsation period. There-
fore the curves at t = 22.0 and t = 24.0 are
almost overlapping. It is observed from this fig-
ure that the cross-streamwise velocity is very
significant, which indicates a strong entrain-
ment in the rectangular buoyant reacting jet.

Figure 5 shows history of the centerline
streamwise velocities at different vertical loca-
tions of the rectangular buoyant reacting jet.
The flow is fully developed approximately af-
ter t 12.0. At the location of z = 1.0,
the variation of the streamwise velocity is very
regular due to the formation and convection
of buoyancy-induced coherent structures asso-
ciated with the “flickering” or “puffing” phe-
nomenon. However, the flow becomes less co-
herent at the further downstream location of
z = 5.0. The centerline streamwise velocity at
this downstream location fluctuates more than
that at z = 1.0 close to the inlet plane.

Figure 6 shows energy spectra determined
from the history of the instantaneous center-
line streamwise velocities at different vertical
locations of the flow field by using Fourier anal-
ysis, which is presented in logarithmic scales
(to the base 10) of the non-dimensional fre-
quency (Strouhal number) and kinetic energy.
The spectral analysis used velocity data taken
over a time interval of six pulsation periods
for the fully developed reacting jet after the
initial stage of the simulation. It can be ob-
served that the most energetic mode occurs at
a low frequency, which is about St = 0.5. This
frequency is the “puffing” or “flickering” fre-
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quency. It is also noticed that the flow becomes
more energetic and higher frequency harmonics
are developed in the flow field at the down-
stream.

The most important feature in Fig. 6
is the development of these high frequency
harmonics associated with the breakdown of
buoyancy-induced large scale structures at the
downstream, which indicates the emergence of
small-scale turbulence in the flow field. Flow
transition to turbulence is the consequence of
the breakdown of large scale vortical struc-
tures due to strong vortex interactions, es-
pecially the interactions between the stream-
wise vorticity and the cross-streamwise vortic-
ity (Grinstein and DeVore, 1996). The quanti-
tative trend 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) ~ St~5/3,
Apparently the behavior of this rectangular re-
acting jet at the location of z = 5.0 follows the
Kolmogorov cascade theory, indicating the oc-
currence of flow transition to turbulence at the
downstream.

Vorticity is a transportable quantity and,
once generated, it can be convected, diffused,
augmented or terminated. The three compo-
nents of vorticity are w, = dw/dy — dv/dz,
wy = Ou/0z — Ow/0z, and w, = Jv/0z —
J0u/0y, respectively. The governing equation
for vorticity transport in buoyant flows can be
written in a vector form as

Dw 1
- . - . — v
io) (W V)V —w(V-V) 4 e (VpxVp)
1 pa 1
— Ly Vx(-V-
+p2Fr( pXg)+ X(p 7)

The terms on the right hand side are the
vortex stretching term, dilatation term, baro-
clinic torque, gravitational term, and viscous
term, respectively. Among these five trans-
port terms, it is known that the dilatation
and viscous terms mainly attenuate flow vor-
ticity (Givi, 1989). The relaminarization ef-
fect of chemical heat release on nonbuoyant
jet flames such as observed by Grinstein and
Kailasanath (1996) is mainly because of these
two terms (Jiang and Luo, 2000). 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, 2000),
such as the case investigated here.

The gravitational term due to the interac-



tion between density gradients and gravity is
an important term in the vorticity generation.
It is responsible for the absolute instability of
the flow that can initiate vorticity (Jiang and
Luo, 2000). This term does not contribute
to the streamwise vorticity for the flow con-
figuration studied. However, once the cross-
streamwise vorticity w, and w, are generated,
the significant vortex stretching w, dw/dz +
wy 0w/0y + w, dw/dz and baroclinic torque in
the streamwise direction will subsequently lead
to the development of streamwise vorticity.

Figure 7 shows history of the vorticity ex-
tremain the computational domain of the rect-
angular reacting jet. The streamwise vorticity
w, is initially zero, it develops with the vortic-
ity 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 w, in the minor axis
direction. With the spatial development of the
reacting jet, strong 3D vortex interactions oc-
cur at the downstream of the flow field due
to the development of the significant stream-
wise vorticity. These interactions consequently
lead to the breakdown of the large scale vor-
tical structures, and flow transition occurs at
the downstream of the reacting jet as shown
in Fig. 6 by the energy spectrum. From Fig.
7, it also can be observed that the vorticity in
the major axis direction wy 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 rectangular geometry.

Time-averaged flow statistics are also of in-
terests, which were obtained by averaging the
flow quantities over six pulsation periods af-
ter the initial transients had been convected
out of the computational domain. Figure 8
shows the time-averaged streamwise velocity
contours at different vertical locations. For the
mean flow field of noncircular jets, the most
interesting discovery was the phenomenon of
axis-switching (Gutmark and Grinstein, 1999).
Jet spreading in the minor axis plane was ob-
served to be much greater than that in the
major axis plane due to the vortex deformation
and self-induction processes associated with
the aspect ratio and corner effects of noncircu-
lar jets (Grinstein and DeVore, 1996; Gutmark
and Grinstein, 1999). From Fig. 8, it can
be seen that the jet flow resembles its origi-
nal rectangular shape close to the inlet plane,
while it grows much faster in the minor axis
direction further downstream due to the vor-
tex self-induction effects. The results indicate

the aspect ratio and corner features of the rect-
angular geometry. It is evident that this rect-
angular buoyant reacting jet has a tendency
towards axis-switching similar to that observed
for nonbuoyant jets.

SUMMARY

The near-field dynamics of buoyant jets,
including flow instabilities, formation and in-
teraction of the large scale vortical structures
and transition to turbulence, is an area re-
quiring a better understanding. This study
provide a DNS attempt to the near-field dy-
namics of noncircular jet diffusion flames under
the effects of buoyancy. The gravitational ef-
fect leads to the formation and development
of large scale vortical structures in the flow
field, and vortex breakdown and transition to
turbulence occur at the downstream of the
reacting jet due to strong 3D vortex interac-
tions. This study highlights the importance of
combustion-induced buoyancy on noncircular
jet diffusion flames. The rectangular reacting
jet shows a tendency towards axis-switching at
the downstream.
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Figure 1: Temperature contours on the major axis plane of
the rectangular buoyant reacting jet (15 contours between
the minimum and maximum as indicated).
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Figure 2: Temperature contours on the minor axis plane of
the rectangular buoyant reacting jet (15 contours between
the minimum and maximum as indicated).
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Figure 3: Temperature contours on z = 5.0 plane of the

rectangular buoyant reacting jet (15 contours between the
minimum and maximum as indicated).
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Figure 4: Instantaneous cross-streamwise velocities on the
major axis plane at z = 5.0 of the rectangular buoyant re-
acting jet.
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Figure 5: History of the centerline streamwise velocities at
different vertical locations of the rectangular buoyant react-
ing jet.
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Figure 6: Energy spectra of the centerline streamwise veloc-
ities at different vertical locations of the rectangular buoy-
ant reacting jet (chained line: Kolmogorov cascade theory
E(St) ~ 5t=5/3),
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Figure 7: History of the vorticity extrema of the rectangular

buoyant reacting jet.
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Figure 8: Time-averaged streamwise velocity contours at dif-
ferent vertical locations of the rectangular buoyant reacting
jet (15 contours between the minimum and maximum as in-

dicated).
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