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Abstract

Dynamics of buoyant reacting flows from rectangular, square and round sources were investigated using Direct Numerical
Simulation (DNS). The general three-dimensional time-dependent governing equations for compressible flow and finite-rate
Arrhenius chemistry were solved by high-order numerical methods. The study focused on the intricate couplings among
instabilities, vortex dynamics, miixg, entrainment, turbulence and combustilorough buoyancy. The main dynamic features of
buoyant reacting flows, including the puffing phenomenon, wesiéreproduced. The instabilityehind puffing was identified
as an intrinsic buoyancy indtdity that arose from desity inhomogeneity in the presence ahgity. No external disturbances
were required to trigger or sustain the puffing motions, indicating that the buoyancy instability was a global, absolute instability.
The base configurations at the inlet had a significant influencthe subsequent vortex dynamics, entrainment, mixing and
ultimately the combustion processes. Base configurations with corners, such as squares and rectangles, were associated with
higher entrainment rates than those associated with circular jets/plumes, due to the Biot—Savart instability. A new mechanism
based on an extension of the Biot—Savastability clearly elucidatedvhy rectangular jets/plunseentrain more than square
ones, despite the fact that both types of configurations have corners. The aspect ratio effects arising from the mechanism could
explain the higher level of vorticity and consequently higher entrainment rate along the major axis as compared with those
along the minor axis. Axis switching, as may be deduced from the mechanism, was observed in the rectangular case of aspect
ratio 3. The main terms in the vorticity transport equations were calculated for this case, and the coupling between vortex
dynamics and combustion was scrutinized. The base configurations were seen to trigger different dynamic couplings among
instabilities, vortexdynamics, large-scale entrainmemhadl-scale mixing and combustion. &ucouplings were truly two-way,
as exemplified by the modification of the energy frequency spectra by chemical heat release.
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1. Introduction

Understanding, prediction and control of turbulent reacting flows remain a major challenge for this century due to the
extremely complicated couplgs among flow instalities, vortex dynanics, turbulence and comabtion. Such couplings are
especially strong in turbulent non-premixed or diffusion flames, where mixing between the fuel and the oxidizer plays a vital
role. Past studies have mostly been concerned with momentum-driven, non-buoyant flames targeted at industrial applications
such as compression ignition engines and gas turbines. However, low-speed, buoyancy-driven reacting plumes have important
applications too as in space technology, environmental protection and fire safety, etc. The presence of buoyancy effects
due to combustion-generated density inhomogeneity greatly complicates the turbulence—combustion interactions. Since such
phenomena are inherently unsteady, transient, and have a wide range of time and length scales, few tools are effective
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Nomenclature

Da Damkdhler number

Fr Froude number defined a§rzef/(g;kefL;‘ef)

gz gravitational acceleration in z directiog,(= —1)
Ah< ,  standard enthalpy of formation

L; ’ length of flame base configurationiith-direction
My chemical symbol for species

p pressure

On a heat release parameter

Om mass flux

Ri Richardson number defined és— p/p4)/Fr

Re Reynolds number

Sc Schmidt number

St Strouhal number, non-dimensional frequency definefi*dses/ Uret
t time

T, Ty temperature, flame temperature
u, v, w Vvelocity components im, y andz directions, respectively

\% velocity vector

Wy molecular weight for species

x, y, z spatial coordinates

Yo mass fraction for species

Ze Zeldovich number

Greek

Vo stoichiometric coefficient for species

& mixture fraction defined a&Yr — Yo + 1)/(1+s), wheres =vpoWo /v W
0 density

X mixture fraction dissipation rate defined gs/2Re SgVé - V&
2] vorticity magnitude defined 3?0))2: +w? + o?

w; vorticity components

® vorticity vector

T reaction rate

T viscous stress vector

Superscripts

* dimensional quantity

Subscripts

a ambient

F, 0, P fuel, oxidizer and product, respectively

i index for the three Cartesian componentsy andz
ref reference quantity

o index for chemical species

in unravelling the complicated multi-seainteractions among comktian, buoyancy, nstabilities, vorex dynamics and the
surroundings. Unsurprisingly, current understanding of the phenomena, especially in the near field, is very poor [1].

There have been theoretical, experimental and numerical studies in the field. Experiments of combustion in low gravity, for
example, have been conducted in space laboratories [2]. Whether in space or on the ground, however, experimental studies of
flow-combustion interactions, which typically require simultaneous measurement of two or more quantities, are highly difficult
and costly. Recent advances in particle image velocimetry (PI1V) and planar laser-induced fluorescence (PLIF) have enabled
the simultaneous measurement of the two-dimensional (2D) velocity, density and/or temperature field (e.g., [3-5]). However,
for truly three-dimensional (3D) fields of turbulent reacting flows, no existing experimental techniques seem to be adequate for
providing the temporal and spatial resolution required. In fact, measurement of basic quantities such as the entrainment rate of a
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diffusion flame is still subjected to large uncertainties [4]. In the past three decades, various computational techniques have been
developed, which, coupled with the availity of ever faster ad cheaper computing hardwarggve become indispensable

tools for research and in some cases for design. In the context of buoyant reacting flows, the Reynolds Averaged Navier—
Stokes (RANS) approach has been most widely employed [6]. It is very cost-effective in predicting the average behaviour of
reacting plumes away from the source. Close to the source, however, the RANS approach cannot be relied upon to give accurate
prediction in the presence of laminar-to-turbulence transition, large-scale entrainment, combustion and strong unsteadiness.
In principle, Large Eddy Simulation (LES) can overcome most of these deficiencies, because it accurately resolves the large-
scale motions that are responsible for unsteadiness and entrainment. In practice, LES has not been employed extensively for
predicting reacting flow, due to ¢huncertainties in the modelling of combustiand mixing at the subgrid-scale (SGS) level.
Nevertheless, some examples of LES studies of buoyant reacting flows have appeared in recent years [7—10]. To avoid the
modelling uncertainties, Dire®dlumerical Simulation (DNS) is desired, whichsmves all the scales down to the Kolmogorov
micro-scales. Once DNS data is obtained, information can be extracted to enhance fundamental knowledge as well as aid model
validation and development. The method is computationally very expensive, which has limited its application. On the other
hand, DNS is the only option for many phenomena involving complicated interactions over a range of scales. Moreover, DNS
is the only method which provides high-order turbulent statistics such as triple correlations. Therefore, targeted use of DNS for
some important but poorly understood phenomena is justified. The buoyant reacting flow in the near field is just one example.

Recently, DNS has seen increased applications for diffusion flames without [11] and with buoyancy [12]. The near-field
entrainment rates of reacting plumes from an axisymmetric, square and rectangular sources were very different [13—15], in
qualitative but not quantitative agreenmevith the observations from non-buoyasetg [16]. The presence of solid walls near
the source could have a significant effect on entrainment and plume development [17,18]. Such results are of relevance to
control of mixing, turbulence and combustion, which is the ultimate goal of the research and can lead to practical exploitation.
Moin [19] has promoted DNS as an effective diagnostic tool for forming active and passive turbulence control strategies based
on fundamental understanding. However, most studies so far have been related to simulation [20] and control [19] of honreacting
flows. More recently, combustion control using both passive and active means has attracted increasing attention [16,21,22].

In the present study, DNS is employed to study buoyant flame dynamics and entrainment in the near field. The focus is on the
effects of the flame base configurations on the complex interactions among fluid dynamics, buoyancy and finite-rate chemistry.
The various flow instabilities involved are investigated in detail and their effects on entrainment and mixing are analyzed.
The study has relevance to control of combustion where buoyancy effects are important with potential applications for space
technology, environment protection and fire safety. The rest of the paper is organized as follows. Section 2 describes details of
the numerical procedures used in the DNS and the databas&ised under vasus conditions. The dymaics and structures
of buoyant diffusion flames are presented in Section 3, together with a detailed analysis on the mechanism behind puffing. The
Biot—Savart instability is revisited in Section 4 and is used to explain some of the effects of flame base configurations on vortex
dynamics, entrainment, mixing and combustion downstream. Section 5 presents a new explanation of the aspect ratio effect,
backed by DNS data, and forms a complete description of the flame base configuration effects. The findings from the present
study are summarized in Section 6, followed by discussions on unsolved problems. The majority of the mathematical symbols
are defined in the Nomenclature whereas some special symbols are defined in the text.

2. DNSdatabases

A general formulation was used in an in-house DNS code, DSTAR, which solved the full 3D time-dependent compressible
Navier—Stokes equations for flow and the species transport equations for finite-rate Arrhenius chemistry [23]. Buoyancy terms
(pa — p)gz/Fr and(ps — p)wg,/Fr appear in the momentum and the energy equations, respectively, without invoking the
Boussinesq assumption [14]. The gravity was aligned in the vertical direction pointing downward gg thatl, after
normalization. As a result, the full coupling between turbulence and combustion through the fluctuating density and pressure
was preserved. Regarding the treatment of chemistry, there has been much controversy about how much detail needs to be
incorporated in a DNS. The answer is very much dependent on the physical problem itself. Shu et al. [24] compared a one-step
global reaction and a detailed 52-step mechanism in a buoyant methane-air flame, and found the results of flame dynamics
and the flickering frequency were essentially the same. In the present study, combustion was represented by a simple generic
1-step, irreversible reactiony M + vo Mo — vp M p, whose reaction rate was given by the Arrhenius law in the following
non-dimensional form

VF Vo
o) () o)
Wg Wo T Ty

where all the quantitiesra non-dimensionalized followinthe convention defined in [14,23]. The corresponding heat release
term in the energy equationds, = Qj w7, whereQ, =vpWg Ah‘f’.’F +voWo Ahc}.’O —vpWp Ahc}.’P.
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Table 1

Simulation parameters

Cases On Grid points Computatioridox Sponge layer length
Rectangular | 0 108& 216 x 288 3x6x8 0.75
Rectangular Il 1650 108 216 288 3x6x8 0.75
Rectangular Il 1250 256 256 x 384 8x 8x 12 15

Square | 1650 152 152 x 304 425 x 4.25x 85 0.75
Square Il 1250 19% 192 x 288 5x5x 75 0.75

Round 1250 192 192x 288 5x5x 75 0.75

The governing equations were solved using a modified 6th-order compact finite difference scheme for spatial discretisation
in all three directions and a third-order fully-explicit compact-storage Runge—Kutta scheme for time advancement. The time step
is determined by a Courant—Friedrichs—Lewy (CFL) condition for stability, which is dependent on flow convection, diffusion
and the chemical reaction, with the chemistry constraint being typically the most stringent. For the present spatial DNS using
high-order schemes, the nuriail boundary conditions (NBCs) needreful treatment. fie characteristic, non-reflecting NBC
formulation for compressible, reactirand viscous flows [25] was employed.oSé to the outflow boundary, an additional but
short sponge layer (see Table 1) was also employed to completely prevent possible spurious wave reflections [17]. The sponge
layer essentially enforced a fully developed outflow condition over a short period, instead of imposing it right at the outflow
boundary as in many other numerical studies. The data in the sponge layer was not entirely physical, so that it was discarded
without any discussion here. For the lateral open boundaries, entrainment was allowed by applying the local one-dimensional
inviscid (LODI) relations [25] to the momentum equation, in which the density and temperature were assigned their ambient
values.

A series of simulations by DNS were performed of buoyant diffusion flames from round, square and rectangular sources.
Table 1 shows the different casesdahe corresponding simulation conditior@ther common parameters were 24000,

Sc=1, Da=6, Ze=12,Ty =6 and Fr= 1.5. The dynamic viscosity was a function of temperature- 7076 Cases
Rectangular | and Il were both of an aspect ratio 2, but Rectangular | was a nonreacting counterpart. Case Rectangular Ill has
an aspect ratio 3. To facilitate egarison, the different cases used a commangth scale for non-dinmsionalization. The

diameter of the round source was chosen, which had a non-dimensional value 1. The side lengths of the square and rectangular
sources were chosen, so that their areas were equal to that of the round source. The simulations were conducted on a massively
parallel computer using 96 to 128 processors. As an example, Case Round used about 10 000 processor-hours.

3. Dynamics of buoyant diffusion flames

In buoyant diffusion flames, there is a dynamic coupling among vortex dynamics, entrainment, mixing, combustion and
turbulence through buoyancy. Because of the finite-rate chemistry used, the flame structures are highly sensitive to flow
dynamics, which in turn are strongly influenced by combustion-induced buoyancy effects. A typical 3D flame structure and
the associated vorticity field are shown in Fig. 2 for case Square Il. Near the base, the flame retains its distinctive square shape.
“Necking” occurs at about one source width above the base, in agreement with other experiments [26—28] and simulations [29].
Above the neck, the first large vortices form, which is followed by an intermittent flaming zone. Further above, the flame
exhibits changing structure and transient dynamic behavior, characteristic of turbulent diffusion flames. Holes appear in the
flame structure, which are mainly caused by large-scale vortical motions, although local flame extinction may not be excluded.
Note that the iso-surface plots in Fig. 2 show only one value of the reactiorwratand the total vorticity magnitude

@] =, /a)f + wf + a)§ which define the dominant square features. In reaityall-scale, almost rlom motions are present,
especially in the far field.

One of the prominent phenomena in buoyant reacting flows is puffing or flame flickering, which exhibits as a quasi-periodic,
self-sustained fluctuation, and rollup of large vortices near the base. Much controversy still exists regarding the mechanism
behind the phenomenon, although some consensus has appeared in recent years. Buckmaster and Peters [30] proposed that
the hydrodynamic Kelvi—-Helmholtz instability modified yobuoyancy was behind the flalickering. Ghoniem et al. [29]
believed the Rayleigh—Taylor instability also had a contrilutiCetegen and Ahmed [26] found that the puffing frequencies of
non-reacting buoyant plumes and reacting plumes had a similar scaling with the source diameter (or the Richardson number after
normalization), suggesting that the mechanisms behind must be the same. Others [9,27,31,32] discussed the puffing mechanism
in terms of convective and absolute instabilities. Cetegen [27] believed the puffing mechanism was of a convective instability
type whereas Maxworthy [32] and Zhou et ] found it to be of an absolute iredility type. Katta etal. [33] and Jiang
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Fig. 1. The computational configations and boundary conditions.

X
Fig. 2. Reaction rate iso-surfaegr = 0.29%7 max (left) and vorticity magnitude iso-surfa¢@| = 0.22|&|max (right) ats = 24 of the buoyant
reacting plume from a square source (Square Il).
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Fig. 3. Time traces of the vertical velocity at three vertical locations along the centines for cases (a) Round; (b) Square Il; and
(c) Rectangular Il (< =1;——z=3;———z=6).

and Luo [13] observed in buoyant diffusion flames that the inner, smaller Kelvin—Helmholtz vortices were triggered by small
disturbances whereas the buoyancy-driven outer, larger vortices developed without any perturbation.

In the present simulations, laminar non-preetuxflame conditions were applied at the inflowithout any external
perturbations, unlike the non-buoyant jet simulations [34,35] or buoyant plume experiments [27]. The fuel entered vertically
into a quiescent oxidizer ambient at an ifitemperature ratio 3, similar to the conditis at the inflow used in [29]. Combustion
was started by an auto-ignition process facilitated by the hot fuel. The characteristic puffing or flame flickering phenomenon
was observed in all buoyant reacting plume cases and in the buoyant thermal plume case (Rectangular I). Fig. 3 shows the time
traces of the instantaneous vertical velocity at three heights along the centre lines for cases Round, Square Il and Rectangular II.
In all cases, the periodic fluctuations are easily identified near the sources. In the downstream, higher frequency fluctuations
appear, but the puffing motiomse still visible in cases Round and Square Il. la thore “turbulent” case of Rectangular Il, the
puffing frequency is almost invisible at= 6. However, it will be shown in Fig. 5 that the puffing motions have not disappeared
and are the most energetic even at that height. These results indicate that the periodic fluctuations initiated from the buoyancy
source have spread to the whole flow field. Therefore, the puffing phenomengloligkinstability by the definition of Huerre
and Monkewitz [36]. Fig. 4 shows the energy frequency spectra of the thermal plume case Rectangular I. Near the source,
there is a dominant unsteady mode at the non-dimensional puffing frequency or the Strouhal number of about 0.5. In the
downstream, several harmonics of the puffing frequency have also appeared. In the corresponding reacting case Rectangular Il
shown in Fig. 5, the puffing frequency is also 0.5 at both heights. This value can also be obtained from Fig. 3 by manually
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Fig. 4. Energy frequency speatbased on the instantaneous Fig. 5. Energy frequency spectra bdsm the instantaneous centerline
centerline velocityw at two vertical locations in the thermal velocity w at two vertical locations in a rectangular reacting plume
plume (Rectangular I). (Rectangular 1), compared with the Kolmogoreb/3 power law.

counting the periods of oscillations within certain simulation time. The other puffing frequencies are 0.50 for case Square |,
0.47 for case Square Il and 0.49 for case Round. For buoyant round plumes, Cetegen [27] obtained an experimental correlation
St= 0.8Ri%38. In buoyant rectangular plumes, a slightly different correlation was obtained as [28]0S6RP4°. The
corresponding puffing frequencies for round and rectangular buoyant plumes are 0.59 and 0.46, respeptiyely- & and
Fr=1.5. Hamins et al. [37] obtained an experimental correlatiorr §t—0-57 for buoyant diffusion flames and StFr—0-38
for nonreacting helium plumes. Sato et al. [38] fitted various experimental data of buoyant diffusion flames and arrived at
correlations St- Fr=0-50in the low Froude number range and-SEr—%41 in the high Froude number range. In a very different
configuration in which the methane-air stream was sandwiched between two annular air streams, Shu et al. [24] obtained an
experimental correlation of St 0.43Fr0-38 and a correlation of St 0.56Fr 0-38 based on numerical simulations. Whereas
exact agreement among these correlations and the presenatsimuésults is impossible because of the variation in the density
ratio p, /p produced heterogeneously by combustion, all the values of the puffing frequency fall into a narrow range, which
suggests that similar mechanisms are behind the puffing. As puffing is associated with the periodic rollup and formation of large
vortices near the base, the mechanism behind puffing can be analyzed in detail through the transport equations for vorticity,
which after normalization can be expressed in vector form as:

Dw

1 1 1
2 @ VIV - o(VV) + S (Vox Vo)t 52 (Vpx g+ V x (5V 7). @)
Dt N—— N—— P P Fr 1%

vortex stretching dilatation term -
baroclinic torque gravitational term viscous term

If the initial vorticities are assumed to be zero, then the vortex stretching and dilatation term will not initiate vorticity. The
viscous term is always small compared with other terms. The baroclinic torque and the gravitational term are therefore the
dominant mechanisms for vorticity generation at the onset. This can be understood as follows (see Fig. 6): As the fuel stream of
higher temperature enters the domain surrounded by the ambient oxidizer stream, a density Gradiergtablished, which
is aligned in the horizontal direction. Since the gravity is aligned in the vertical direction, the gravitational term in Eq. (2) is
nonzero, whose magnitude is directly proportional to the density gradient. In the meantime, there is a pressuré/graaient
the vertical direction, according to the simplified 1D momentum equation (Bernoulli equation) in the vertical direction:

1
E,ow2 + p + pgzz = const. ?3)

or in the differential form:
1
V(50w2> +Vp+V(pg;z)=0. 4)

So even if very near the source the vertical velocity is constant and the density does not change in the vertical direction, the
pressure gradielN p = —ppg; = pr # 0. Therefore both baroclinic torque and the gravitational term contribute to the initial
generation of vorticities, whose strength is mainly dependent on the density gradient and the gravitational force. Moreover,
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Fig. 6. Mechanisms for vortex generatioear the plume source through the béinic torque and the gravitational term.

since the density gradient changes sign across the fuel jaeceorticities é opposite signs will be generated on different

sides of the source, which will lead to the rollup of counter-rotating vortices. These vortices are responsible for the puffing
phenomenon described above. As such a phenomenon is caused by an instability which depends on the density distribution
and the gravitational force only, it is dntrinsic buoyancy instability. Moreover, since no random disturbances are needed

to trigger or maintain the instability, it is aabsolute instability rather than a convective instability as defined by Huerre and
Monkewitz [36]. It is self-sustaining as long as there is a launmy source. The detailed mechanism for puffing described above

can explain the various observations in experiments and simulations. For example, the dependence of the puffing frequency on
the ambient pressure observed by Yuan et al. [39] can be attributed to the fact that the ambient pressure changes the pressure
gradientV p when other conditions are kept the same. Similarly, the correlations between puffing frequency and the Richardson
number of Cetegen [27,28] can be justified, because the plarasmbient density ratio changes the density gradvenin the

baroclinic torque and the gravitational term. However, the correlations of Hamins et al. [37], Sato et al. [38] and Shu et al. [24]
may not fully account for the density ratio effects. Indeed, puffing frequencies calculated from these correlations give somehow
lower values than from the present DNS results.

Another striking feature of the buoyant reacting plume is the appearance of oscillating energy spectra at high frequencies
shown in Fig. 5, which is absent from the spectra of nonreacting flows, e.g., in Fig. 4. It should be noted that these spectra were
computed using instantaneous velocigardings at single tations, without averaging. Thedillations in energy spectra are
believed to be mainly an effect of heat release, which takes places at small scales and energizes the flow at certain selected
high-frequencies. Nevertheless, the overalldrenthe energy decay agrees with the Kolmogored/3 power law in the more
developed turbulent region downstream=6). However, the physical picture of the Kolmogorov turbulence cascade may
require modification in reacting flow, since the energy is not transferred monotonically from large scales to successively smaller
scales. In fact, volumgt expansion and instdhies induced by combustion are a manifestatiof energy “backscatter” from
small scales to large scales.

The combustion processes can be better understood by examining the flame structures. Fig. 7 shows a cross-sectional view
of the reaction ratevy, the mixture fraction dissipation rae and the product mass fractidfp in the planez = 3 of case
Square Il. The flame structure is strongly influenced by the large-scale vortex structures induced by buoyancy, and the Biot—
Savart instability (see next section) that enhances mixing at the corners. Accordingly, the reactign isaterge at the four
corners of the square flame. Due to vortex extrusion, theréoarantensively reactive arms extending from the four corners,
forming an outer reaction “ring”. As found in [35], thefield is characterized by thin sheet-like structures. The higlkgions
promote mixing at the micro-scale level, which in turn would enhance combustion. However, excessivetyvingitd lead
to local flame quenching. Therefore, intense reaction zones in Fig. 7(a) do not always correspond to gheekigins in
Fig. 7(b). Scatter plots aby againsty (not shown) also reveal that the intense reaction zones and the high scalar dissipation
zones are not always coupled in a local and instantaneous sense, due to finite-rate-chemistry effects. Finally, Fig. 7(c) shows
that the combustion product has the highest concentration at the four outer arms rather than at the central region, as might be
suggested by Fig. 7(a). It again demonstrates that fluid dynamics plays an important role in diffusion flames with finite-rate
chemistry.
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4. TheBiot—Savart instability

The entrainment rate is a key quantity in buoyant diffusion flames and fires. There have been a wide variety of correlations
between the entrainment mass flux and the axial/vertical coordmnatmstly in the context of fire research. Quintiere and
Grove [40] obtained a dependencez?t‘f5 for axisymmetric fires and-> for infinite-line fires while Zhou et al. [41] found
that data from different experiments would collapse onto a single curve if a normalized entrainment rate was used, which had a
dependence off-’8. However, a°/3 power law was found by Zukoski et al. [42] whereas Zukoski [43] modifiedittd The
large discrepancies in the various correlations were a reflection of the extreme difficulties in measuring the entrainment mass
flux and entrainment rate. Different experimental techniques have been used [4,44], which partly explains the large scatter of
data found in the literature. Recent non-Bsimesq analysis of buoyant thermalmles by Rooney and Linden [45] arrived at a
23 dependence. That study as well as most previous studies assumed an idealized point/line source or an virtual point source
with a specified buoyancy flux without a shape, and the results are strictly valid only in the far field. On the other hand, plume
development in the far field relies on details of the momentum and buoyancy fluxes at the source and in the near field, which
in the case of a reacting plume depends on the detailed combustion processes. Realizing that the large-scale vortical motions
are mainly responsible for entrainment in the near field, Cetegen [44] developed a phenomenological entrainment model for
axisymmetric fires, which led to a linear dependence of the axial mass flux on the vertical heBghtstein and colleagues
[16,34,35,46] have systematically investigated the near-field entrainment properties of non-buoyant jets and jet flames, but no
parallel studies on buoyant reacting flows were conducted. Recently, Jiang and Luo [14,17] added the buoyancy effects, which
led to qualitative and quantitative differess in the flame dynamics and entrainment.

The near-field entrainment properties of the buoyant reacting flow from the rectangular, square and round sources are now
compared. Fig. 8 shows the normalized streamwise mass flux and the entrainment rate of buoyant and non-buoyant diffusion
flames. The normalized mass flux is defined as

Q () 1 L)YLX 1 L}Lx
m\Z L

- drdy = -~ )@(2) dx dy, .
on® 0n® 0/ 0/ o of 0/ remmae (5)

where the overline indicates ensemble average and the tilde refers to the Favre average pfaae. The entrainment rate is
defined as’, = d[ Q0 (z)/ Om (0)]/dz. Eq. (5) was initially suggested by Ricou a8galding [47] and halseen widely adopted
[4,14,17,40]. It should be noted thatv = p(z2)w(z) + p’(x, y, z2)w’(x, y, z). However, in many experiments, the fluctuating
partp’(x, y, 2w’ (x, y, z) is ignored. Mufiiz [48] estimated that the error due to the neglect of the fluctuating term could be as
high as 20%.

Itis clear from Fig. 8 that the rectangular buoyant diffusion flame (Rectangular 1) entrains more efficiently than both square
cases (Square | and Il), which in turn are more efficieneémrainment than the rounshe (Round). The non-reacting but
buoyant rectangular case (Rectangular I) entrains poorly compared with all reacting cases. As a comparison, three non-buoyant
cases simulated by Grinstein [46] and Grinstein and Kailasanath [34] are also shown. Case pr34 is a non-reacting, rectangular
jet of aspect ratio 2 [46]. Case run3 is a non-reacting, square jet while case run5 is a reacting, square jet [34]. As can be seen,
buoyant reacting or non-reacting plumes entrain more efficiently than non-buoyant jets. Furthermore, the effects of chemical
heat release are different in buoyant and non-buoyant flames. Chemical exothermicity was found to inhibit vortex generation,
and relaminarize the flow, leading to a lower entrainment rate (cf. run3 and run5 [34]). Similar phenomena were observed in
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high-speed mixing layers [23], which were attributed to the augmented viscous effects due to large temperature rise associated
with combustion. Therefore, there are two competing effects of combustion on entrainment: combustion-induced buoyancy
promotes entrainment whereas chemical heat release accompanying combustion reduces entrainment through viscous effects.
So the net effect will depend on the relative strength of the two competing factors. In the present simulations, cases Rectangular |
and Il show an example in which combustion-induced buoyaffscts dominate, so that chemical exothermicity increases

the density inhomogeneity and buoyancy level, which results in stronger vortices and consequently better entrainment, which

in turn promotes combustion. Therefore, there is a loop of mutual enhancement consisting of fluid dynamics, buoyancy and
combustion. On the other hand, cases Square | and Il demonstrate that the viscous effects can tip the balance and, as a result, the
vorticity level is reduced and entrainment is adversely affected by heat release. Han and Mungal [4] found in their experiments
that heat release in reacting jets suppressed entrainment by a factor of 2.5 when compared with nonreacting jets.

The mechanism for the discrepancy in the entrainment rate of non-circular and circular non-buoyant jets was discussed by
Gutmark and Grinstein [16]. The Biot—Savart instability [49,50] was identified as a mechanism for vortex-ring deformation,
whose rate is measured by the self-induced veloejtyand is proportional ta” Iog(l/a)l;, whereC is the local azimuthal
curvature of a thin inviscid vortex tube, the local cross-section of the tube, ahdhe binormal to the plane containing the
tube. The Biot—Savart theory predicts that a round, uniform ring would convect with a uniform speed without any change in
shape whereas a vortex tube with corners will convect fasterraecothan at other locations leading to vortex deformation.

This theory can conveniently explain the higher vorticity level and larger entrainment rate in jets/plumes with corners compared
with circular ones. However, there has been no clear explanation of the differences between rectangular and square jets/plumes,
all of which have corners. In Fig. 9, we show a comparison of the extrema of the three vorticity components in two identical
(except for the different base configurations) cases Rectangular Il and Square I. As expected, the azimuthabyontioitth
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cases was initially zero, as there was no azimuthal gradiner forcing. The iitial vorticity componentsy, andwy were the
same. However, in Rectangular #, along the major axisk(y = 2L,) directiony grew much faster and stayed higher than
wy along the minor axisI(,) directionx. It indicates that stronger vortices were formed along the long side of the rectangular
flame base than along the short side. As a result, the entrainment and spreading along the major axis was larger than along the
minor axis. In comparison, in Squared, andw, remained equal all the time, and their strengths were at a similar leug! as
in Rectangular Il. Therefore, the overall entrainment rate is higher in a rectangular plume than in a square one. The mechanism
behind is explained in Section 5.

In order to quantify the effects of flame source configurations on mass entrainment, the following correlation is proposed:

Om(2) _

Om(0)
The unknown values af andg are determined by a least-square fit to the different mass flux curves in Fig. 8. The results for
five cases are:

a=0.47, B=108 Rectangularl,
a=0.73, B=130 Rectangularll,
=065 pg=118 Squarel,
=069, =122 Squarell,
=051, B=111 Roundl.

As a self-contained comparison, the correlation in Eq. (6) correctly captures the trends in the near-field entrainment in
rectangular, square and round/axisymmetric diffusion flames. However, the powersaf¢pendence determined above are
obviously different from those reported in [40-43,45]. There adeast two reasons. Firstly, the correlations in the existing
literature assume a virtual point source of@diameter, so that the geometric effebave not been include Secondly, those
correlations are valid for the far-field, whereas the present remaisbtained for the near-field. Measurement of the entrainment
rate, especially in the near field, is extremely difficult [4,44], so that reliable data for direct comparison is hard to find. One of
the few studies involving near-field entrainment measurement was conducted by Han and Mungal [4] using PIV. However, the
diffusion flames considered were momentum-driven, which could not be directly compared with the present results. It is worth
noting that the measured entrainment rate [4] was not a constant even in the far-field of the reacting jet. All these underline the
difficulty of obtaining a “universal” correlation for such highly non-linear phenomena.

Several factors might have affected the entrainment results presented above, although pure numerical errors were strictly
controlled in the DNS simulations due to rigorous monitoring and tests. The finite computational box size could affect the

otz’S + 1. (6)
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mass flux calculation if velocity componeanparallel to boundaries at the lateral boumnea[46] were not zero, as the resulting
vorticity would contribute to the vertical mass flux. The lateral boundaries of the present simulations were carefully chosen to
be remote enough so that all vorticities and the vertical igl@mmponent were zero at the lateral boundaries (see Figs. 14
and 15). However, the computational box length in the vertical direction was limited by computational resources available, and
small errors in the calculation of the vertical mass flux near the outflow boundary could not be avoided. Such errors would be
apparent when the entrainment rate (the gradient of mass flux) was calculated, as the sudded dedghaf end of the box

might suggest in Fig. 8. Anothgossibility was statistical erre due to the limited sample data used for calculating the mean
guantities. The time duration for averagiwas about 12 puffing periods. It was checkieat averaging over 10 puffing periods
produced almost the same results, so that statistical errors should be negligible.

5. Agpect ratio effects

The aspect ratio effect had been wrongly treated as a mechaatisen than a phenomenon in the existing literature [15]. The
present study of reacting flows from different configurations, however, shed new light on the issue. The Biot—Savart instability
itself cannot explain why a rectangular jet/plume entrains more efficiently than an equivalent square jet/plume, both of which
have corners. But it can be explained as follows. Consider a rectangular plume at the base as a vortex tube “ring”, shown
in Fig. 10. Biot—Savart instability will induce vertical velocif§y; around the perimeter, whose local magnitude is directly
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Fig. 13. Representative iso-surfaces of vorticity (left) and pressure (right) atz = 7.5 of the buoyant reacting plume from a rectangular
source of aspect ratio 3 (Rectangular 1l1). The pres@oeurface plot indicates axis switching at about 6.

proportional to the local azimuthal curvature. It is observed that from a local point of view, the azimuthal curvature &t any 90
corner must be the same, so thigt of rectangular and square jets at the cornerstrba the same under identical conditions. At
the midpoints along the sides between the corni&fs= 0, since the local curvature is zero. Hemge~ dw/dy ~ W; max/Ly
andwy ~ dw/dx ~ W; max/Lx. SinceLy > Ly, we havaw, < wy, i.e., vorticity along the major axig/f should be larger than
that along the minor axisc]. This is indeed seen in case Rectangular Il in Fig. 9. Therefore, entrainment along the major axis
will be stronger due to larges,, which tends to make a rectangular jet more square or round. As the trend continues, it may
“overshoot” to render the originally minor axis the major axis and vice versa. That is when axis switching occurs. On similar
groundsw, andwy of the square plume should stay equal to each other, as is indeed the case shown in Fig. 9. kigvaexkr,
wy of Square | are at a similar level ag of the Rectangular Il, which means that the rectangular plume should on the whole
entrain better due to a large, .

Furthermore, a4, increases relative tb, (i.e., increasing the aspect ratio), the above trends will become stronger, leading
to a better overall entrainment in higtspect-ratio jets/phaes. This is amply demonstrated in case Rectangular Ill. In Fig. 11,
the history of the extrema of the three vorticity components are shown. Although the simulation did not proceed very far due
to computational cost consideration, it is seen that by time5, the peakw, in case Rectangular Il is already much larger
than that of case Rectangular Il over a much longer time period. As expegfed, consistently larger tham,, meaning
better entrainment along the major axis. The corresponding time traces of the extrema of transport terms for the three vorticity
components are shown in Fig. 12. The baroclinic torque and the gravitational term are seen to be the dominant mechanisms
for the initial vorticity generation, in agreement with the 1D analysis in Section 3. However, for the present 3D simulation,
the dilatation term seems to be important too as a vorticity generation mechanism at the initial stage. At the later stage, the
vortex stretching term is the dominant mechanism for vorticity generation for all three components, while the gravitational term
becomes almost irrelevant. The baroclinic torque and dilatation term are closely related to the combustion process. The heat
release and the accompanying local volume expansion incrieasmntribution of the dilatation term to vorticity generation.
The effect is larger om, than onw,, because better entrainment and mixing along the major axis enhances combustion,
which in turn has a stronger volume expansion. The same is true of the baroclinic torque, because both the density and pressure
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Fig. 14. Contours of the lateral vorticity componentsdg) and (b)w, in the planez =5 at timer = 7.5 of the buoyant reacting plume from a
rectangular source of asgt ratio 3 (Rectangular Il1).

gradients ¥V and V p) are steepened by combustion, which is more efficient along the major axis than along the minor
axis.

The vortex structures in the high aspect ratio case Rectangular Il are now analyzed. Fig. 13 plots representative iso-surfaces
of vorticity wy and pressurg att = 7.5 of Rectangular lll. The pressure iso-surface igtter indication of the vortex structures
than any vorticity component [51]. However, the two plots in Fig. 13 indicate very similar vortical structures in the rectangular
plume. Close to the base, the vortical structures are mainly aligned along the major axis, due to the initial configuration and the
dominance ofw,. But at about: = 6, there is an axis switching as far as the vortex alignment is concerned. Further in the far
field, A-type vortices appear, which are more aligned with the verticalzasasher thanc andy, and are likely to be dominated
by w;. A x—y plane cut of the vorticity fields«{, andwy) just below the axis switching is shown in Fig. 14. As expected
from the above analysis, vorticity along the major axis is in general much stronger than that along the minor axis
In agreement with the BteSavart instability, both vorticitgomponents have greater maguiés at corner regions. The axis
switching process is demonstrated in Fig. 15 through the vertical voréigifields at two heights. The remarkable fact is that
despite the similar ranges of values@f, the axis of the overall vortical pattern change$ 80er a relatively short distance.
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Fig. 15. Contours of the vertical vorticity component at heights; = 5 and 6 at time = 7.5 of the buoyant reacting plume from a rectangular
source of aspect ratio 3, showilaxis switching (Rectangular 111).

Further above = 6, the axes switch again, back to the original orientations. Such phenomena, however, should be anticipated
following the above discussion on aspect ratio effects.

6. Discussions and conclusions

Dynamics of buoyant reacting flows from rectangular, square and round sources were well reproduced by a high-order DNS
methodology based on first principles for compressible flow and finite-rate Arrhenius chemistry. The salient phenomenon of
periodic fluctuations ttoughout the flow field, called puffing, was observedail cases, whose oscillation frequency was almost
independent of the flow base cagirations or heat release, and was in good quainttagreement with previous experimental
data. Unlike most other simulations or experiments, no external disturbances were applied to trigger or sustain the puffing,
indicating that puffing in a buoyant reacting flow is a global, absolute instability originated from a local absolute instability
near the base. Such an instabilitgpends on the density inhomogeneity (in the gadional field) only, ad is thus an intrinsic
instability. The frequecy energy spectra of reacting flows were strongbdified by combustion, with the appearance of some
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energized modes at high frequencies. The physical picture of the Kolmogorov turbulence cascade should also be modified, since
the energy transfer is two-way rather than one-way from large to small scales. Such energy “backscatter” must be represented
correctly, in order to model turbulence-combustion interactions.

Combustion had two competing effects on entrainment: combustion-induced buoyancy promoted entrainment whereas
chemical heat release accompanying combustion reduced entrainment through viscous effects. So the net effect would depend
on the relative strength of the two competing factors. More importantly, entrainment was strongly influenced by the source
configurations. The DNS data showed that the entrainment rate in the rectangular buoyant flame was much higher than in the
square flame, which in turn had a considerably higher entrainment rate than the round flame. Although such differences were
observed before in non-buoyant flows with or without combustion, the discrepancies were much larger in the present buoyant
reacting cases. A correlation in the foih, (z)/ 0, (0) = azf +1 quantified the geometric effects on entrainment and showed
the correct trends.

The source geometry effects on vortex dynes and entrainment were attributedthe Biot—Savart istability and/or the
aspect ratio effects. The Biot—Savart instability, which leads to different vortex deformation rates at different local azimuthal
curvatures, can explain why jets/plumes with corners entrain more and spread wider than circular ones. An extension of this
argument provided a theoretical explanation for the aspect ratio effects for the first time. It explained why rectangular jets/plumes
entrain more than square ones, despite the fact that both configurations have corners. This simple theory was backed by the
present DNS data, which showed that the vorticity component along the major axis of a rectangular plume was larger than
that along the minor axis, and was also larger than that of aasqiame under identical conditis. By increasing the aspect
ratio, the vorticity components along both axes were increased, although the vorticity component along the major axis was
still consistently larger than that alongetiminor axis. As a result of different uigity levels and corrspondingly different
entrainment rates, rectangular plumes have a tendency to switch major and minor axes, possibly more than once. Such axis
switching was observed twice at two vertical locations in the case with aspect ratio 3. Due to the high computational cost
required, it was not possible in the present study to obtain more statistical quantities on axis switching and its direct effects on
entrainment. Further studies should be conducted to clarify these issues.

The DNS results showed that the structures of the buoyant diffusion flames were strongly influenced by the source
configurations. Mixing and combustion were enhanced by the presence of corners in the non-circular source configurations
(square and rectangular) as compared with the circular coafignr The complex interéions among ingtbilities, vortex
dynamics and finite-rate chemistry through buoyancy effects led to a rich variety of phenomena, which are not fully accounted
for in classical combustion theories. Strong correlations among the small-scale mixing represented by the mixture fraction
dissipation rate, chemical reaction rate and the product concentration were not observed at all locations nor at all time instants,
due to the different time scales involved. To correctly capture the flame dynamics and resolve flame structures, a RANS approach
is unlikely to be successful. A LES has a better chance of success, provided the complex interactions between large and small
scales observed in the DNS can be correctly represented by subgrid scale models. The dilemma is that turbulence-combustion
interactions at the subgrid-scale level, including the energy “backscatter” described above, are not yet modelled properly on a
physical basis. In this context, DNS will continue to serve as a valuable tool for gaining fundamental insight, which will guide
us to develop predictive tools and ultimately control algorithms for reacting flows.
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