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Abstract 
We investigate the role of mean streamwise pressure gradients in the development of a bluff-body-stabilized 
premixed !ame in the near-wake of the bluff body. To this end, a triangular prism !ame holder is situated in 
three different channel geometries: a nominal case with straight walls, a nozzle with a stronger mean pressure 
gradient, and a diffuser with a comparatively weaker mean pressure gradient. All geometries are implemented 
using embedded boundaries, and adaptive mesh re"nement is used to locally resolve all relevant thermal (i.e., 
!ame) and !uid-mechanical (i.e., vorticity) scales. A premixed propane !ame, modeled using a 66-step skeletal 
mechanism, interacts with vorticity in the boundary layer of the triangular bluff body in the presence of 
each mean pressure gradient. Analysis of !ame-related enstrophy budget terms reveals key differences in the 
behavior of baroclinic torque between cases, the speci"cs of which are tied to larger variations in the mean 
!ow structure, recirculation zone structure, and con"nement effects. Our results show that the baroclinic 
torque changes signi"cantly among the con"gurations, with the nozzle exhibiting the largest baroclinic torque 
production. However, these differences are shown to be only a secondary consequence of the background 
pressure gradient, with the primary consequence being the change in the recirculation zone length resulting 
from the different channel con"gurations. These results are relevant for !ame stabilization with bluff bodies, 
where clear understanding of the sensitivities to global mean pressure gradient is important to engineering 
design. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 
Heat release in turbulent premixed !ames can 

either create or destroy vorticity – the square of 
which is referred to as enstrophy – through a 
range of complex physical effects. These effects in- 
clude dilatation, baroclinic torque associated with 
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!ame-induced density and pressure gradients [1,2] , 
and enhanced viscous dissipation due to increases 
in gas-phase viscosity from increased tempera- 
ture [3,4] . The production of enstrophy can, in turn, 
enhance entrainment and mixing [1] , increase the 
surface area and overall consumption rate of the 
!ame, and ultimately lead to !ame disruption and 
extinction if enstrophy and strain-rate increase suf- 
"ciently [5] . 

The effects of heat release on enstrophy can 
be examined by analyzing the enstrophy transport 
equation given by 
1 
2 D !

Dt = ω i ω j S i j + ω i ε i jk ∂ 
∂x j 

(
1 
ρ

∂τkl 
∂x l 

)

−!S kk + ω i 1 
ρ2 ε i jk ∂ρ

∂x j ∂ p 
∂x k , (1) 

where D/Dt = ∂ /∂ t + u j ∂ /∂ x j , ! = ω i ω i is the en- 
strophy, ω i = εi jk ∂ u k /∂ x j is the vorticity, S i j = 
(1 / 2)(∂ u i /∂ x j + ∂ u j /∂ x i ) is the strain rate tensor, 
τkl is the viscous stress tensor, ρ is the density, and 
p is the pressure. Whereas vortex stretching [the 
"rst term on the right-hand side of Eq. (1) ] and 
viscous diffusion [the second term on the right in 
Eq. (1) ] are signi"cant in most turbulent !ows, 
including non-reacting !ows, dilatation and baro- 
clinic torque [the third and fourth terms, respec- 
tively, on the right in Eq. (1) ] may be strongly en- 
hanced by the presence of a !ame [6] . Heat release 
from reactions leads to local dilatation, and the cre- 
ation of strong density and pressure gradients by 
the !ame can lead to signi"cant production of vor- 
ticity by baroclinic torque [3,7] . 

Although many prior computational studies 
have examined enstrophy dynamics in turbulent 
premixed !ames, most such studies have focused 
on statistically planar or jet con"gurations, both 
of which are idealized compared to more realistic 
geometries. As summarized by Steinberg et al. [3] , 
these studies have shown that the effects of the 
!ame on enstrophy dynamics generally decrease 
in signi"cance with increasing turbulence inten- 
sity. However, recent experiments with bluff-body- 
stabilized !ames [8,9] have shown that the presence 
of large global mean pressure gradients can cause 
the baroclinic torque to become a leading-order 
term in the enstrophy budget, even in highly tur- 
bulent conditions. Geikie et al. [9] further showed 
that the relative strength of baroclinic torque can 
be controlled by tailoring the mean pressure gradi- 
ent in the channel holding the bluff-body-stabilized 
!ame. In particular, enstrophy production by baro- 
clinic torque increased substantially when the fa- 
vorable pressure gradient was increased by adjust- 
ing the channel walls from diffuser to nozzle ge- 
ometries. Similar results have also been obtained by 
Kazbekov et al. [10,11] for swirl !ames. 

The bluff-body experiments of Geikie 
et al. [8,9] indicate several areas for further 
study, particularly using numerical simulations. 

First, indirect and approximate methods were 
used in the experiments to calculate many of 
the terms in the enstrophy transport equation –
terms that can be directly computed with simu- 
lation data, useful to con"rm conclusions from 
the experiments. Second, the optical diagnostics 
in the bluff-body experiments were, by necessity, 
limited to the region outside the recirculation zone 
immediately behind the bluff body. However, sub- 
stantial !ow differences in the near- and far-wake 
regions raise the possibility that heat release effects 
on enstrophy vary with distance downstream; 
full-"eld simulation data can be used to examine 
such variations. 

In the present study, we speci"cally examine 
the effects of mean pressure gradient on dilatation 
and baroclinic torque by simulating bluff-body- 
stabilized premixed propane-air !ames in nozzle, 
channel, and diffuser geometries. These simula- 
tions are motivated by the experimental con"gura- 
tions studied by Geikie et al. [8,9] , although here 
the computational geometries have been reduced 
in size (corresponding to lower Reynolds numbers) 
to attain the very "ne resolutions necessary to ad- 
equately resolve the !ame and compute the high- 
order gradients required for the enstrophy budget 
terms in Eq. (1) . As such, the present study is fo- 
cused more on evaluating the conclusions obtained 
in the experiments than on precisely reproducing 
the experimental conditions. The simulations are 
performed using adaptive mesh re"nement (AMR) 
in PeleC [12] to enable high spatial resolution at rea- 
sonable computational cost. 
2. Numerical simulations 

The simulations are performed using the 
AMReX-based [13] "nite-volume code PeleC [12] , 
which solves the fully compressible conservation 
equations: 
∂ρ

∂t + ∂ρu i 
∂x i = 0 , (2) 

∂ρu i 
∂t + ∂ρu i u j 

∂x j = − ∂ p 
∂x i + ∂τi j 

∂x j , (3) 
∂ρE 
∂t + ∂ρu i E 

∂x i = −∂ pu i 
∂x i + ∂ 

∂x i 
(

λ
∂T 
∂x i 

)

+ ∑ 
k ρq k ˙ ω k , (4) 

∂ρY k 
∂t + ∂ρu i Y k 

∂x i = −∂F k,i 
∂x i + ρ ˙ ω k . (5) 

Here E = e + (1 / 2) u i u i is the total energy 
(where e is the internal energy per unit mass), λ
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Fig. 1. Two-dimensional cuts of each geometry simu- 
lated: (a) A nominal case with !at parallel top and bottom 
walls, (b) a nozzle with an enhanced favorable pressure 
gradient, and (c) a diffuser with a less favorable pressure 
gradient. In all cases the domain length is 6.8 cm. 
is the thermal conductivity, Y k is the mass frac- 
tion of the kth chemical species, ˙ ω k is the chemi- 
cal species reaction source term, and F k,i is the i- 
directional species transport !ux. The coef"cients 
in the transport !uxes are calculated with poly- 
nomial "ts and are mixture-averaged to provide 
temperature-dependent transport properties. 

The spatial discretization applies a second-order 
method-of-lines approach with characteristic ex- 
trapolation to cell faces [12] . Operator splitting is 
used to advance transport equations with explicit 
source terms. The stiff chemical source terms are 
advanced implicitly with the GMRES method in 
the CVODE [14] suite. Transport and chemistry 
source terms are then used in a global second-order 
predictor-corrector time-stepping framework. The 
AMReX framework is used for AMR and pro- 
vides a regular, box-structured hierarchical series 
of nested grids on which Eqs. 2 –(5) are solved. Each 
level of mesh re"nement increases local grid reso- 
lution by a factor of 2. Re"nement is grid-based, 
such that regions of the domain selected for re"ne- 
ment are divided into rectangular “grids” of cells, 
with grid sizes controlled by speci"ed parameters. 
These grids also correspond to the parallel decom- 
position of the domain, with each grid being solved 
separately on a single processor, with ghost cell data 
communication as necessary. 
2.1. Physical con!guration 

The three simulation cases illustrated in Fig. 1 
consist of: (a) a “nominal” rectangular channel 
with parallel top and bottom walls ( Fig. 1 a); (b) a 
nozzle where the separation between the top and 
bottom walls decreases in the streamwise direction 
( Fig. 1 b); and (c) a diffuser where the separation 
between the top and bottom walls increases in the 

streamwise direction ( Fig. 1 c). The wall angles in 
the nozzle and diffuser cases are −1.67 ° and 2.22 °, 
respectively, measured with respect to the horizon- 
tal. 

The bluff body in each case is centered in the 
channels and has a triangular cross-section with 
side length D = 0 . 4 cm in all simulations. Be- 
cause the mesh is box-structured and isotropic, the 
bluff-body surface is not coincident with cell faces 
and is implemented with an embedded boundary 
method [15] within the "nite volume framework, 
with !ux corrections accounting for analytic cut- 
cell prescriptions. 

A total of four simulations are described here: a 
three-dimensional (3D) simulation of the nominal 
case and two-dimensional (2D) simulations of each 
of the three cases. It will be shown that, for the rel- 
atively small geometries examined here, the 3D and 
2D results are qualitatively similar, motivating the 
use of 2D simulations to maintain high spatial reso- 
lution while enabling long simulation run-times to 
obtain adequately converged time-averaged statis- 
tics. 

The overall domain dimensions are 6 . 8 cm ×
Y × 0 . 8 cm for the 3D simulation and 6 . 8 cm × Y 
for the 2D simulations, with the channel height 
Y = 1 . 2 cm at the channel inlet. The outlet widens 
to 1.6 cm at the end of the domain in the diffuser 
case and shrinks to 0.903 cm in the nozzle case, 
resulting in inverted inlet to outlet ratios (roughly 
4 / 3 and 3 / 4 , respectively) in the two cases. The dif- 
ferent pressure gradients are created by the sloping 
channel walls, which are also associated with vary- 
ing degrees of !ow con"nement. In the 3D simu- 
lation, the width in the z -dimension corresponds 
to two bluff-body diameters, which, according to 
Refs. [16,17] , is suf"cient to allow the !ow to de- 
velop in the spanwise direction at an affordable 
computational cost. The 2D simulations each have 
a cell count of roughly 500,000, while the 3D sim- 
ulation has a cell count of roughly 25 million, al- 
though the exact counts vary in time with the adap- 
tive mesh. 

At the in!ow, Dirichlet boundary conditions 
are used for the uniform in!ow velocity ( U 0 = 
1 , 200 cm/s), the unburnt mixture temperature 
( T u =300 K), the unburnt gas pressure (atmo- 
spheric, p u = p atm ) and species mass fractions. We 
enforce a lean equivalence ratio φ = 0 . 65 , where 
φ = (m C 3 H 8 /m air ) / (m C 3 H 8 /m air ) st , with the ‘st’ sub- 
script denoting stoichiometric conditions. The re- 
sulting in!ow Reynolds number based on the bluff- 
body side length is Re D = 3 , 102 . In the current 
study, the in!ow is uniform without turbulent !uc- 
tuations. As such, unsteadiness develops naturally 
as the result of convective and global instabili- 
ties in the bluff-body wake in combination with 
a very small level of white noise added to the 
initial conditions. Determining the effects of in- 
!ow turbulence is an important area for future 
study. 
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Fig. 2. Time-averaged pressure gradient in the x direction 
at y = 0 . 3 cm for the nominal (black lines), nozzle (red 
lines), and diffuser (blue lines) cases. The inset shows the 
time-averaged coef"cient of pressure, C p , along the upper 
wall. (For interpretation of the references to colour in this 
"gure legend, the reader is referred to the web version of 
this article.) 

At the out!ow, non-re!ecting boundary con- 
ditions are applied to velocity and tempera- 
ture [18] with a "xed atmospheric target pressure. 
At the top and bottom surfaces, adiabatic (i.e., 
zero temperature gradient) boundary conditions 
are used for the temperature and no-slip boundary 
conditions are used for velocity components. The 
spanwise direction is periodic for all variables in 
the 3D case. The 2D models approximate a bluff- 
body !ame with negligible spanwise boundary in- 
!uences. 

For the chemical kinetics model, we use the 
25-species, 66-step skeletal propane-air mechanism 
developed by Zettervall et al. [19] , which has 
been used previously in large eddy simulations of 
larger bluff-body propane !ames [20] . This chemi- 
cal mechanism has been shown to provide more re- 
alistic ignition times and responses to strain when 
compared to lower-order global mechanisms and 
other similarly sized skeletal and reduced mecha- 
nisms [20] . Simpler mechanisms typically provide 
poor predictions of ignition time and strain re- 
sponse [21] , the latter of which is especially impor- 
tant for these simulations where shear and strain- 
rate effects are strong. The resulting laminar ther- 
mal !ame width is δL = 0 . 66 mm with unburnt to 
burnt density and temperature ratios of ρu /ρb = 
6 . 45 and T u /T b = 6 . 43 , respectively. 

For the three 2D simulations, Fig. 2 shows mean 
pressure gradients measured immediately above the 
bluff body at y = 0 . 3 cm (where y = 0 cm corre- 
sponds to the channel centerline). This "gure indi- 
cates that the maximum pressure gradient magni- 
tude at this y location is largest in the nozzle and 
smallest in the diffuser, with the maximum gradient 
magnitude roughly 15% larger in the nozzle than 

the diffuser. At this y location, all cases show a 
strong favorable pressure gradient close behind the 
bluff body, transitioning to an adverse axial pres- 
sure gradient after x/D ≈ 2 . 5 for the nominal and 
nozzle cases, and after x/D ≈5 for the diffuser. This 
transition is the approximate center of the recircu- 
lation zone in each case. The inset of Fig. 2 fur- 
ther shows the coef"cient of pressure C p = (p −
p atm ) / (ρu U 2 0 / 2) measured at the wall as a function 
of downstream distance x/D . 
2.2. Adaptive mesh re!nement criteria 

For the current study, we locally re"ne on CO 
concentration, the vorticity magnitude, and bluff- 
body walls. The re"nement on bluff-body walls is 
static in time since the bluff body does not move, 
but the re"nement on CO concentration and vor- 
ticity tracks structures as they are advected. 

The threshold for vorticity magnitude re"ne- 
ment was chosen iteratively relative to the values 
observed in each case. Given that higher re"nement 
allows for more vorticity generation at the bound- 
ary layer of the bluff body and channel walls, the 
re"nement threshold doubles for cells at each AMR 
level. Because the gradients used in the vorticity 
calculation are calculated with second-order cen- 
tral differences, this corresponds to the increase in 
vorticity observed with increasing re"nement. The 
vorticity tagging threshold, ω v , is thus calculated as 
ω v = ω 0 2 + , where ω 0 is a user-speci"ed value (here, 
ω 0 = 1 . 25 × 10 4 s −1 ), and + is the AMR grid level, 
starting at + = 0 for the base grid. By tracking vor- 
ticity in the AMR procedure, we ensure that the 
recirculation zone, shear layers, and the near-wake 
region are well captured, and that strong gradi- 
ents in velocity, species, temperature, and other !ow 
quantities do not pass across AMR boundaries. 
The CO concentration is tagged for values above 
2 . 0 × 10 −2 g/cm 3 , relative to the maximum value of 
5 . 0 × 10 −2 g/cm 3 . Because the CO distribution for 
the !ame front is broad relative to other intermedi- 
ary species, this serves to capture the !ame front at 
high resolution even in areas with weaker vorticity. 

The resulting "nest mesh resolution in the sim- 
ulations is ,min = 0 . 04 mm, giving roughly 16 grid 
cells per laminar thermal !ame width δL , thus mak- 
ing the !ame well resolved. Additionally, given the 
relatively low Reynolds number, the turbulence is 
also highly resolved, making these simulations lo- 
cally equivalent in scale to direct numerical simula- 
tion. 
3. Results 

Fig. 3 shows instantaneous "elds of the CH 2 O 
mass fraction, indicative of the !ame location, for 
each of the three 2D simulations. In all cases, im- 
mediately behind the bluff body there is essen- 
tially no roll-up of the !ame. However, as the pres- 
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Fig. 3. Instantaneous "elds of ρY CH 2 O from the 2D sim- 
ulations for the nominal (a), nozzle (b), and diffuser (c) 
cases. 
sure gradient magnitude increases from diffuser 
to nominal to nozzle geometries, perturbation of 
the !ame occurs increasingly close to the bluff 
body. 

The corresponding time-averaged "elds of vor- 
ticity, dilatation, and baroclinic torque close to the 
bluff body are shown in Fig. 4 , where the region 
of peak mean heat release rate is shown bounded 
by green contours. Vorticity is initially generated in 
the bluff-body boundary layer and advected into 
the shear layer, where dilatation and baroclinic 
torque become signi"cant due to the !ame. In all 
cases, the strongest vorticity lies primarily outside 
the heat release region, and all vorticity at or in- 
side the !ame is signi"cantly weaker. This offset 
is due to the strong streamwise velocity which, 
combined with the degree of con"nement, leads 
to high strain rates immediately behind the bluff 
body, keeping the !ame con"ned to the inside of 
the shear layer. Chaudhuri et al. [5] found this ar- 
rangement to be close to blowoff conditions due 
to the high hydrodynamic strain, which led to lo- 
calized extinction of a !ame stabilized on a disk- 
type bluff body. These localized extinction events 
allowed for the entrainment of heat into the recir- 
culation zone; the same phenomenon is observed 
here. 

Towards the center of the recirculation zone, 
Fig. 4 shows that the nominal and nozzle cases ex- 
hibit broadening of the dilatation and baroclinic 
torque "elds. Emerson et al. [22] determined that 
the relative offset of the !ame and shear layer was a 
determining factor in global stability, and that any 
offset was destabilizing because dilatation would 
be less effective as a sink for vorticity, leading to 
stronger shear layer vorticity and a more rapid in- 

stability growth rate. Here, despite an offset be- 
tween the shear layer and heat release, dilatation 
still serves as a signi"cant sink of enstrophy, as seen 
in Figs. 4 (b,e,h). The location of the !ame notwith- 
standing, thermal expansion and, hence, the dilata- 
tional enstrophy sink, continue outside of the maxi- 
mum heat release zone. Thus, while the degree may 
be reduced by the offset, dilatation resulting from 
heat release can have a stabilizing effect even when 
the shear layer lies outside the !ame. 

Geikie et al. [8] found that the baroclinic torque 
near the bluff body must be a source of vorticity 
rather than a sink, since the pressure gradient was 
measured to be adverse over the latter part of the 
recirculation zone. In Fig. 4 we see that this is in- 
deed generally true when the pressure gradient is 
adverse (i.e., primarily toward the center of the re- 
circulation zone and afterwards). However, in bluff- 
body !ames where the pressure minimum is located 
downstream from the bluff body, there is a region 
over which the pressure gradient is favorable. This 
leads to negative baroclinic torque immediately be- 
hind the bluff body in each of the present cases 
(i.e., it is an enstrophy sink). While dilatation is the 
strongest enstrophy sink in the shear layer for all 
cases (despite the offset of the shear layer and the 
zone of maximum heat release), baroclinic torque 
acts as a secondary, but still signi"cant, enstrophy 
sink in this region, as seen in Fig. 4 . 

Further downstream and inside the heat release 
region, baroclinic torque transitions to a source. 
This transition starts shortly upstream of the cen- 
terline streamwise pressure minimum (at approxi- 
mately 0.2 cm for the nominal and nozzle cases and 
0.3 cm for the diffuser), but grows stronger closer 
to the minimum. Downstream of this transition, 
the contribution is primarily a source within the 
!ame. Outside of the zone of maximum heat re- 
lease, baroclinic torque does remain an enstrophy 
sink, even into the region of adverse streamwise 
pressure gradient, as shown in Figs. 4 (c,f,i). This re- 
gion of split contribution corresponds to the transi- 
tion from favorable to adverse streamwise pressure 
gradient. For the diffuser, as compared to the nomi- 
nal and nozzle cases, the recirculation zone is simul- 
taneously much weaker and much longer, leading 
to reduced baroclinic torque enstrophy production 
in the region analyzed. 

The broadening of the baroclinic torque enstro- 
phy production region in the nominal and nozzle 
cases observed in Figs. 4 (c,f) is due primarily to 
stronger vortex roll-up in the shear layers and in- 
termittent pinching events wherein shear layer vor- 
tices are pulled towards the center of the recircula- 
tion zone, increasing the vorticity in the center of 
the region and resulting in average pressure min- 
ima off the centerline, as can be seen in the over- 
set arrows on Figs. 4 (c,f). In 3D simulations and 
experiments, similar phenomena may be ampli"ed 
by free-stream turbulence interacting with the shear 
layer [23] . 
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Fig. 4. Time-averaged "elds of vorticity magnitude for each of the three cases (panels a, d and g), as well as terms from 
the enstrophy budget, Eq. (1) : enstrophy source from dilatation (panels b, e and h) and from baroclinic torque (panels 
c, f and i). The region analyzed corresponds to the shear layer immediately behind the bluff body (shown in black). The 
region of mean peak heat release rate is bounded by green lines for each "eld. Vertical dashed lines in panels a, d, and g 
show the locations of the vertical pro"les provided in Fig. 5 , and arrows on panels c, f and i show the directions of the 
mean pressure gradient. (For interpretation of the references to colour in this "gure legend, the reader is referred to the 
web version of this article.) 

Fig. 5. Time-averaged pro"les of dilatation (a-d) and baroclinic torque (e-h) at downstream locations 0.25 cm, 0.5 cm, 
0.75 cm, and 1.0 cm (as indicated in Fig. 4 ) from the 2D simulations of the nominal (black lines), nozzle (red lines), and 
diffuser (blue lines) cases. Each term is normalized by the maximum budget term value for the nozzle case at 0.25 cm. (For 
interpretation of the references to colour in this "gure legend, the reader is referred to the web version of this article.) 

Corresponding pro"les of time-averaged dilata- 
tion and baroclinic torque at various downstream 
locations are shown in Fig. 5 , allowing a compari- 
son of the relative magnitudes of the budget terms 
across the three cases. In all cases, dilatation is pri- 
marily a sink of enstrophy and decreases in magni- 
tude with downstream location. At each location, 
the peak magnitude of dilatation is similar across 

the three cases, although the peak is closest to the 
centerline in the nozzle and furthest from the cen- 
terline in the diffuser. However, this is primarily a 
result of the !ame and shear layer locations, and 
there is little effect of background pressure gradi- 
ent on the strength of the dilatation. 

By contrast, the baroclinic torque pro"les in the 
bottom row of Fig. 5 indicate that the baroclinic 
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Fig. 6. Fields of time-averaged enstrophy transport contributions from dilatation (panels a and c) and baroclinic torque 
(panels b and d) for the 3D (a,b) and 2D (c,d) simulations of the nominal case. 
torque is a sink near the bluff body that increases in 
magnitude with increasing favorable pressure gra- 
dient (i.e., the nozzle case has the largest mag- 
nitude). Downstream, however, as the baroclinic 
torque becomes a source of enstrophy, the magni- 
tudes become more similar in the nominal and noz- 
zle cases. Yet further downstream, where the baro- 
clinic torque is predominantly positive, the noz- 
zle case again develops larger magnitudes than the 
nominal case. The baroclinic torque for the diffuser 
is predominantly small in magnitude throughout, 
with a transition to weak production of enstrophy 
far downstream. 

These 2D simulation results are, in many re- 
spects, qualitatively similar to corresponding re- 
sults from 3D simulations, as shown in Fig. 6 for the 
nominal cases. Because the vortex stretching mech- 
anism is absent in 2D simulations, there is no fully 
developed 3D turbulence and, correspondingly, less 
mixing downstream than might be expected in a 3D 
simulation. However, even in the 3D nominal case, 
the maximum observed value of the vortex stretch- 
ing term in Eq. (1) is ∼ O(10 8 ) , roughly four orders 
of magnitude lower than dilatation and baroclinic 
torque. This is consistent with minimal spanwise in- 
stability and breakdown of spanwise vortices near 
the bluff body and the corresponding similarity be- 
tween the 2D and 3D simulations there. The low 
values of vortex stretching are a result of the rela- 
tively low values of Re D , combined with the sup- 
pression of shear layer instability by thermal ex- 
pansion. 

Fig. 6 shows that the structure of the dilatation 
"eld is similar in both 2D and 3D cases: positive di- 
latation inside the !ame towards the centerline and 
negative contribution outside the !ame, where the 
shear layer vorticity is strongest (e.g., Fig. 4 ). There 
are larger differences between the 2D and 3D cases 
for the baroclinic torque, although the transition 
to predominantly positive baroclinic torque down- 
stream of the bluff body is present in both cases. 

Fig. 7. Streamwise velocity along the centerline through 
the recirculation zones for the nominal (black line), noz- 
zle (red line), and diffuser (blue line) cases, showing key 
differences in recirculation zone structure.. (For interpre- 
tation of the references to colour in this "gure legend, the 
reader is referred to the web version of this article.) 
This transition from sink to source is even more 
pronounced in the 3D case, suggesting that this re- 
sult is not strictly due to the two-dimensionality of 
the simulations. 
4. Discussion 

The results in the previous section motivate fur- 
ther discussion of the impact of channel shape on 
recirculation zone structure, shown in Fig. 7 for 
each of the 2D simulation cases. In each case, the 
tailoring of the channel walls leads to differences in 
both the recirculation zone size and strength, where 
strength is measured by the magnitude of negative 
x -velocity. The recirculation zone length decreases 
with increasing pressure gradient magnitude, with 
the diffuser having the longest recirculation zone 
and the nozzle having the shortest. Both the nozzle 
and nominal cases have similar recirculation zone 
strengths, while the diffuser strength is weaker. 
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Stronger recirculation zones have lower pressure 

minima and, therefore, larger mean pressure gra- 
dient magnitudes between the center of the recir- 
culation zone and the bulk outer !ow. As a result, 
baroclinic torque contributions are strongest in the 
nozzle and nominal cases, and weakest in the dif- 
fuser case, consistent with the results in Figs. 4 and 
5 . In addition, baroclinic torque plays a role in de- 
termining the !ow"eld in the downstream region 
of the recirculation zone, as the positive production 
from baroclinic torque on the downstream half of 
the recirculation zone increases shear layer vortic- 
ity. This means that in the nominal and nozzle ge- 
ometries, where the end of the recirculation zone 
is more abrupt (more so for the nozzle), baroclinic 
production leads to an increase in the amplitude of 
shear layer oscillations and in the pinching of the 
!ame. This latter phenomenon is more pronounced 
in the 2D simulations compared to the 3D nominal 
case due to the lack of vortex breakdown, explain- 
ing the larger baroclinic torque production towards 
the center of the recirculation zone in the 2D results 
compared to 3D shown in Fig. 6 . 

These effects are self-reinforcing; stronger baro- 
clinic torque in the recirculation zone shear layer 
enhances instability and leads to the aforemen- 
tioned pinching events, leading to the shorter re- 
circulation zone shown in Fig. 7 . For stable !ames 
(i.e., those not experiencing intermittent or sus- 
tained local extinction), shorter recirculation zones 
correspond to stronger pressure gradients and in- 
creased misalignment of pressure and density gra- 
dients due to the broadening of the shear layers to- 
wards the interior !ame region as they encompass 
the recirculation zone. For the diffuser, increas- 
ing channel area and, correspondingly, deceleration 
of the bulk !ow lead to expansion of the !ame, 
while lower baroclinic torque production leads to 
increased !ame front stability and a longer recircu- 
lation zone. 

Ultimately, the tailoring of the global pressure 
gradient in the present study is directly tied to 
changes in con"nement. Con"nement effects are 
known to impact the development of bluff-body 
!ames. Massey et al. [24] showed that the con"ne- 
ment of bluff-body !ames affects the recirculation 
zone length through a mechanism whereby ther- 
mal expansion from the !ame increases pressure 
at the channel walls, increasing the radial pressure 
gradient. Higher wall pressures were found to be 
associated with a reduction in recirculation zone 
length, consistent with the current simulations, as 
shown in Fig. 7 . The present simulations similarly 
show that the pressure gradient is primarily in the 
transverse (i.e., y ) direction near the !ame and 
shear layer, as indicated by the predominantly ver- 
tically oriented unit vectors in Figs. 4 (c,f,i). Kim 
et al. [25] found that, compared to earlier simu- 
lations of a con"ned H 2 -air !ame anchored on a 
square prism bluff body [26] , a more weakly con- 
"ned !ame saw differences in the !ame anchor- 

ing location, a wider !ame spread in the transverse 
dimension, and increased transverse “!apping” of 
the !ame. High degrees of con"nement have also 
been shown to be associated with a more dominant 
sinuous mode in both non-reacting wakes [27] and 
bluff-body !ames [28] , an effect likewise observed 
in the current study: Fig. 3 shows that the nozzle 
case exhibits a more sinuous wake compared to the 
symmetric varicose wakes observed for the nominal 
and diffuser cases. If the !ame is so tightly con"ned 
that channel boundary layers interact with shear 
layers from the bluff body, the growth rate of the 
global sinuous mode is reduced, resulting in stabi- 
lization [27,29] . 

Con"nement is therefore relevant for all bluff- 
body channel !ames, although the degree of con- 
"nement depends on blockage ratio. Here, we ad- 
ditionally show the degree to which the recircu- 
lation zone varies when con"nement and global 
pressure gradients are enforced via channel tailor- 
ing. For the nozzle case, production from baro- 
clinic torque leads to a shorter recirculation zone, in 
a self-reinforcing manner as previously discussed. 
For the diffuser case, baroclinic torque produc- 
tion is reduced, leading to enhanced !ame stability 
and a longer recirculation zone. In the bluff-body 
!ame experiments of Geikie et al. [9] and Rising 
et al. [30] , channel tailoring was applied starting 
downstream from the bluff body, so even though 
the blockage ratio around the bluff bodies of 1 / 3 
was the same as the nominal case considered cur- 
rently, the recirculation zone appears to be less af- 
fected. 

It may also be possible that a ballistic bluff body 
such as that employed by Geikie et al. [9] would ex- 
perience less of an impact from channel tailoring 
on the recirculation zone development, since the 
!ow expansion is forced further upstream to the 
initial point of the ballistic bluff body, while the 
blunt trailing edge sees the boundary layers transi- 
tion into shear layers that are parallel to the chan- 
nel walls. A more detailed study of the impact of 
bluff-body geometry on shear layer development in 
con"ned bluff-body !ames should be undertaken 
to elucidate these differences. 
5. Conclusions 

We have performed a series of bluff-body- 
stabilized !ame simulations, varying the channel 
geometry in which the bluff body is centered, such 
that the stabilizing prism is in a nozzle in one case, 
a nominal channel in the second, and a diffuser in 
the third. This complements the work of Geikie 
et al. [9] and Rising et al. [30] , who studied sta- 
bilized !ames for which the bluff body was cen- 
tered in a nominal channel in all cases, and the tai- 
loring of the walls began approximately one bluff- 
body length into the recirculation zone. By situ- 
ating our bluff body in the region of the chan- 
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nel with a mean background pressure gradient, we 
are able to study the effects of different geome- 
tries on the vorticity dynamics in the shear layer 
development around the recirculation zone, a crit- 
ical region for !ame anchoring, stability and !ow 
development. 

Our results show that, although the differences 
in baroclinic torque magnitude are not large among 
the three con"gurations, the nozzle does show the 
most signi"cant baroclinic torque production, con- 
sistent with the "ndings of Geikie et al. [9] . How- 
ever, these differences are shown to be a secondary 
result of the background pressure gradient. The 
primary cause is the change in the recirculation 
zone length and geometry that results from the dif- 
ferent channel con"gurations. When the recircula- 
tion zone is shorter, as with the nozzle, the pres- 
sure minimum lies much closer to the bluff body, 
and baroclinic torque is a stronger source of vor- 
ticity in the downstream half of the recirculation 
zone. When the recirculation zone is longer, baro- 
clinic torque is a vorticity sink over a much larger 
region, leading to an overall decrease in vorticity 
around the recirculation zone. These changes are 
linked directly to the pressure minimum of the re- 
circulation zone, and we show how the correspond- 
ing pressure "eld dictates the contribution of baro- 
clinicity to enstrophy transport. Between the down- 
stream corners of the bluff body and the center of 
the recirculation zone, baroclinic torque is an en- 
strophy sink, whereas over the second half of the 
recirculation zone (where the mean pressure gra- 
dient is adverse) baroclinic torque is an enstrophy 
source. 

Future work should aim to separate the effects 
of pressure gradient tailoring from changes in con- 
"nement, to the degree possible. Additionally, simi- 
lar con"gurations should be studied at larger outer 
!ow scales and higher Reynolds numbers. Perhaps 
most importantly, the impact of upstream turbu- 
lence intensity should be studied, similar to the 
study by Massey et al. [24] and supplementing the 
work of Rising et al. [30] with well-resolved 3D 
simulations. This can be accomplished computa- 
tionally by either introducing inlet jets prior to the 
bluff body, or introducing synthetically generated 
turbulence at the in!ow. While turbulence and in- 
creased contributions from vortex stretching will 
likely not change the overall mean behavior of di- 
latation and baroclinicity immediately behind the 
bluff body (short of sustained !ame disruption or 
blowoff), the speci"cs of the unsteady behavior are 
unknown. An analysis of lifted !ames, for example 
by heating the bluff body, would also allow an ex- 
amination of the effects of spanwise roller instabil- 
ities on !ame stabilization. Finally, a detailed study 
on the impact of bluff-body geometry and wall an- 
gle on the impacts of con"nement would be useful 
since the degree to which con"nement affects !ow 

development for different geometries is not well un- 
derstood. 
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