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Abstract

Impact of the diverging cup angle of a swirling injector on the flow pattern and stabilization of technically premixed
flames is investigated both theoretically and experimentally with the help of laser diagnostics. Recirculation enhance-
ment with a lower position of the internal recirculation zone and a flame leading edge protruding further upstream
in the swirled flow are observed as the injector nozzle cup angle is increased. A theoretical analysis is carried out
to examine if this could be explained by changes of the swirl level as the diffuser cup angle is varied. It is shown
that pressure effects need in this case to be taken into account in the swirl number definition and expressions for its
variation through a diffuser are derived. They indicate that changes of the swirl level including or not the pressure
contribution to the axial momentum flux cannot explain the changes observed of the flow and flame patterns in the
experiments. The swirl number without the pressure term, designated as pressure-less swirl, is then determined ex-
perimentally for a set of diffusers with increasing quarl angles under non-reacting conditions and the values found
corroborate the predictions. It is finally shown that the decline of axial velocity and the rise of adverse axial pressure
gradient, both due to the cross section area change through the diffuser cup, are the dominant effects that control the
leading edge position of the internal recirculation zone of the swirled flow. This in turn is used to develop a model for
the change of this position as the quarl angle varies that shows good agreement with experiments.

INTRODUCTION In high power systems, it is however more suitable to
operate without any central insert to reduce the thermal

Providing a rotational motion to the flow leading to stress on the solid components of the injector.

the formation of an Internal Recirculation Zone (IRZ)

is widely used to ease flame stabilization in high power The diverging cup of the injector nozzle, also desig-
combustion systems. Despite extensive studies, see for nated by quarl or diffuser, drastically changes the topol-
example the pioneering work in [1], the stabilization ogy of the flow so as to favor flame stabilization inside
mechanisms of these flames are still the topic of many the IRZ. Gupta et al.[4] and Vanoverberghe ez al. [15]
recent investigations due to their complex structure and investigated the combination of swirl, quarl and bluff-
dynamics [2]. body to identify and classify the different flow patterns
The structure of a swirling flame is known to depend observed under non reacting flow conditions. Increas-
largely on the structure of the irrotational jet exhausting ing the quarl angle enhances the recirculation of mass
the injector [3, 4, 5, 6]. The swirl number [3, 4], the flow in the IRZ [18, 15], increases its size and lowers its
inlet geometry of the injector [7, 8] and the flow con- position along the burner axis [13, 4] improving flame
finement [9, 10] are the main parameters affecting the stabilization. Adding a quarl is often used to improve
flame topology. Heat losses to the chamber walls are the operability of a burner over a wider range of flow
also known to alter the structure of the reacting flow operating conditions. However, as already noticed in
[11, 12]. A central bluff-body [13, 2, 14] and a diffuser [15], there is still yet a limited number of studies on ef-
[13, 4, 15, 2, 16, 17] constitute other widely used el- fects of the quarl for aerodynamically swirl-stabilized
ements to enhance the stabilization of swirling flames. flames in setups without bluff-body.
Both quarl and swirl separately provide interesting
*Corresponding author: arthur.degeneve @centralesupelec.fr features to the resulting flow, yet the quarl may al-
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ter the value of the swirl number through the evolu-
tion of the velocity profiles. Chigier and Beer [13]
introduced the swirl number S = Gy/(RG;) to char-
acterize the level of swirl of the flow, where Gy =
fA prugu, dA is the axial flux of tangential momentum,

G, = fA (puf +(p— poo)) dA the axial momentum flux
and R a characteristic dimension of the injector.

Gupta and Lilley (p. 18 in [4]) have theorized the im-
pact of a change of section on the value of the swirl
number. As in the majority of the works [19], they
assume the pressure term in G, to be negligible. This
approximation leads to the definition of a pressure-less
swirl number S calculated with 52 = fA pu? dA. Assum-
ing simplified velocity profiles, they model the impact
of a quarl on the swirl number as:

2R 1)

S Ry
where R and R, are the radius of the diffuser cup inlet
and outlet sections. Experiments presented in this work
show that Eq. (1) cannot be a substitute for the complex
velocity profiles issuing from a swirling injector. This
problem has motivated further investigation. Change
of the swirl level through a change of the cross section
area of the flow passage is here revisited both experi-
mentally and theoretically.

Measuring the swirl number S raises experimen-
tal difficulties. As reported in many studies, swirling
flows of practical interest are highly turbulent [19], and
Reynolds averages of the axial and azimuthal momen-
tum fluxes lead to new contributions associated to turbu-
lent fluctuations G, = [, (p(zz” + u2) + (p - pe)) dA

and Gy, = fA pr(ugu; + ugul)dA. In the outer regions
of the swirling jet, the mean velocities i, and iy drop

to zero whereas the turbulent components w2 and u/u’,
due to the recirculating flow pattern remain significant.
Similarly, p — p is large when compared to ,ou_z2 in the
outer region of the jets. Hence, measuring G_Z, and Gy, in
a turbulent swirling flow requires to probe the velocity
field up to the vicinity of the walls where the turbulent
and pressure terms are weighted by 2 to estimate these
integrals.

Some authors [4, 20] suggest to integrate by part the
axial momentum flux, which brings out the static pres-
sure on the wall. Thanks to wall pressure measure-
ments, Mattingly er al.[20] verified the conservation of
axial momentum flux in a tube of constant cross section
area. Other authors directly measured the radial distri-
bution of static pressure within the flow with the help of
Pitot probes[4, 20]. Chigier et al.[13], Dixon et al.[21]
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Figure 1: OXYTEC atmospheric test-rig.

and Mahmud et al.[22] found that both G, and Gy mo-
mentum fluxes remain constant within a straight tube
provided effects of pressure is included. However, Pitot
probes are intrusive devices and smooth out turbulent
fluctuations.

These previous investigations show that measuring
the swirl number is a difficult task due to the additional
contributions from pressure and turbulent fluctuations.
Effects of turbulence are discarded in the present work
and a theoretical analysis is carried out to estimate the
contribution from the pressure term in the swirl level
due to changes of the cross section area through an in-
jector. This problem constitutes the first objective of this
article. The second objective is to understand how the
flow structure and flame stabilization are modified when
the angle of the diffuser cup of the injector is changed.
An experimental analysis is conducted to isolate effects
of the quarl angle, all other parameters remaining fixed.
It is shown that measurements of the pressure-less swirl
number do not obey to Eq. (1) and this has motivated
a further theoretical investigation of the swirl number
evolution through a diffuser with the introduction of
shape factors. It is finally shown that independently
of the definition of the swirl number, changes of the
swirl level cannot be used to explain the changes of the
average reacting and non-reacting flow fields observed
in the experiments when the injector diffuser cup angle
widens. This in turn has led to the development of a new
model that predicts the evolution of the leading edge
position of the internal recirculation zone of a swirling
injector when the quarl angle is varied.



The article is organized as follows. The experimen-
tal setup is described in the next section, followed by
an analysis of the flame and flow structures in react-
ing conditions for varying quarl angles. Measurements
of swirl number on a pressure-less basis are then car-
ried out under-non reacting conditions. Theory is then
pushed forward to include pressure effects and examine
the impact of a smooth change of the cross section sec-
tion area of the injector on the swirl number. Finally, a
model is developed to account for the displacement of
the position of the IRZ in the combustion chamber when
the diverging cup angle is modified.

EXPERIMENTAL SETUP

The test rig and the optical diagnostics are the same
as those used to investigate effects of swirl on the sta-
bilization of technically premixed methane/air flames in
a configuration where the injection nozzle is equipped
with a diverging cup angle @ = 10° [17]. This setup
was also used to compare the stabilization of CO,-
and N,-diluted oxy-methane flames and examine rules
for switching between air- to oxy-combustion operating
mode with the same injector [23, 17]. Only the main
elements of the test rig are briefly described below. The
reader is referred to [23, 17, 24] for more details.

Figure 1 shows a schematic of the Oxytec combus-
tor. The combustion chamber has a square cross section
with dimensions 150 x 150 mm? and 250 mm in length.
Four quartz windows provide a large optical access to
the combustion region. The burnt gases are exhausted
to the atmosphere at ambient pressure through a nozzle
with an area contraction ratio of 0.8. The combustion
chamber dump plane in contact with the burnt gases is
cooled by water circulation. Its temperature is kept con-
stant and equal to T, = 450 K during all experiments.

Methane and air are mixed within a swirling injec-
tor sketched in Fig. 2. The swirling motion is produced
by an axial-plus-tangential entry swirl generator where
ritg and rin, are the mass flowrates injected tangentially
and axially. Assuming an uniform axial flow profile and
a solid body rotation for the azimuthal velocity, a geo-
metrical swirl number Sy can be defined at the injector
outlet [4]:

m Hry 1

= 2
2 NIL 1 + 1, /g @

0
where H is the distance separating the tangential injec-
tion channels from the burner axis, ry the injector radius
and / and L the width and the height of the NV tangential
injection channels. This device was designed to pro-
duce geometrical swirl numbers ranging from Sy = 0 to

Figure 2: Sketch of the injector. (a) Axial cut. (b) Transverse cut
through the swirler.

1.75 with N = 2 slits. More details on the fuel injection
system are given in [24].

The methane/air mixture leaves the swirler through a
ro = 10 mm cylindrical channel and flows into the com-
bustion chamber through an end piece equipped with a
diffuser with a variable cup angle a. The height of the
diffuser cup is £ = 10 mm. Partially premixed condi-
tions are achieved at the injector outlet at z/ry = 0 [17]
and fully premixed conditions were confirmed by Large
Eddy Simulations at z/rp = 0.5 in a region where the
flame leading edge is stabilized for most operating con-
ditions [24].

Care was taken to wait for thermal equilibrium of
the chamber solid components before making mea-
surements [25]. OH* chemiluminescence images are
used to investigate the mean structure taken by the
flames. OH Planar Laser Induced Fluorescence (OH-
PLIF) snapshots are used to determine the probability
of presence of the flame front in the axial plane of the
test-rig. A set of 1500 images is taken to deduce the
probability of presence of the hot burnt gases. The gra-
dient of these images is then used to detect the flame
front between the fresh gases and the hot burnt gases.
Averages of these images yield the probability of pres-
ence of the flame front. A series of tests were made to
check the statistical convergence of the data and the sen-
sitivity of the results to the threshold level used to detect
the flame front. The reader is referred to [24] for more
details on the post-processing.

These experiments are completed by Particle Im-
age Velocimetry (PIV) measurements in cold and hot
flow conditions in the axial and different transverse
planes above the injector. PIV and OH-PLIF are here
combined to reveal the mean structure taken by the
flow and flame produced by the axial-plus-tangential
swirler. Two component Laser Doppler Velocimetry
(LDV) measurements have also been carried out to de-
termine the axial and tangential velocity components
of the non reacting swirling flow at the injector outlet
with a high degree of accuracy required to determine
the (pressure-less) swirl number. The diagnostics, the
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Figure 3: OH* intensity distribution as a function the diverging cup angle @. Grey elements indicate solid components of the combustor. Dimensions

are in millimeters.

tests made and the different post-processing techniques
are fully described in [17, 24].

All experiments presented in this work are con-
ducted at the equivalence ratio ¢ =0.95 for a thermal
power P =13 kW corresponding to a Reynolds num-
ber Re=18000 based on the injection tube diameter
2rp = 20 mm and the bulk temperature 7, = 293 K.
The geometrical swirl number calculated with Eq. (2) is
also kept constant and equal to §o = 0.85. Note that
effects of the diverging cup are not taken into account in
this definition of the swirl number.

FLAME AND FLOW STRUCTURES

Before examining the flame structure, it is worth at-
tempting a dimensional analysis of the main param-
eters controlling the flame shape. The height of the
combustor being fixed, the main important parameters
identified in the scientific literature are the injection
Reynolds number Re [26], the quarl angle a [18, 15],
the swirl number S [3, 4] and the confinement ratio
C, = W?/(nr3) [10, 9], where W = 150 mm is the width
of the combustion chamber and r; is the nozzle radius at
the diffuser cup outlet. The quarl angle varies here from
a = 0to45% and 18 < C, < 72. As a consequence,
the injector of the Oxytec test-rig operates according to
[9] in the free-jet regime. This regime is typical of a
swirling jet issuing into unconfined atmosphere and of
systems with sidewalls aways from the injector nozzle.

Figure 3 shows the distribution of the OH* sponta-
neous light emission for different quarl angles «, all
other geometrical and flow parameters remaining con-
stant. With a straight injector, @« = 0°, the flame is
lifted in a V-shape above the burner with a flame lead-
ing edge far from the burner exit despite the large swirl
level Sy = 0.85 imparted to the flow. As a increases
from 5 to 307, the flame widens in the transverse direc-
tion, shrinks in the axial direction and its leading edge
moves further upstream towards the injector. For larger

values @ > 45°, the flame suddenly flattens and the com-
bustion reaction takes place in the boundary layer close
to the combustor dump plane. The flame takes in these
conditions a torus shape in the so-called wall jet regime
[4, 13], also referred as Coanda stabilized flame [15].

The same experiments were repeated at a lower swirl
number Sg = 0.75 in [17], wherein a more detailed
study is carried out on the influence of the swirl level on
the flame topology. The same observations were made.
Increasing the quarl angle moves the flame leading edge
upstream, reducing the flame length and widening its
shape in the radial direction. These observations are
common to many studies conducted with different types
of swirling injectors in premixed and non-premixed
combustion modes with gaseous or liquid fuel injections
[4, 15].

Further analysis is carried out by examining the struc-
ture of the flow field and flame in an axial plane. Fig-
ure 4 shows on the top the probability of presence of the
flame front superimposed to the velocity field obtained
by PIV in reacting conditions for different diffuser cup
angles, all other parameters remaining fixed. The grey
countors represent the position where the flame front is
present 20% (inner contour) and 10% (outer contour)
of the time. The position of the IRZ is represented
by the black contour. The position of the Outer Re-
circulation Zones (ORZ) is not reproduced in this fig-
ure. The bottom images show the same velocity fields
on a slightly zoomed field of view together with the
magnitude V| = (ﬁf + ﬁ%)l/ 2 of the velocity vectors
V = u,e, + u,e, represented by the colored scale. The
black line delineates the position where the axial veloc-
ity #, = 0 is null, i.e. the boundary of the IRZ. The
contours of zero axial velocity delineating the ORZ are
not represented here.

For a straight injection nozzle @ = 0°, the V-shaped
flame features a leading edge front located along the
burner axis at a distance z7/ry = 1.8 above the injec-
tor outlet, identified here as a probability of presence
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Figure 4: Top: Probability of presence of the flame front deduced from OH-PLIF measurements in an axial plane with the overlaid velocity fields.
The grey lines delineate the positions where the flame front is present 20% and 10% of the time. Bottom: Velocity field colored by the velocity
magnitude |i| = (ﬁ? + ﬁ)zc)]/ 2 obtained by PIV. The black contour delineates the position of the IRZ where the axial velocity i, is zero.

of the flame front equal to p = 20%. The stagna-
tion point corresponding to the leading edge of the IRZ
zsp/ro = 5.9 is also located along the burner axis and
lies far away from the flame. Note also that the maxi-
mum probability of presence of the flame front does not
exceed in this case p < 30% highlighting the strong in-
termittency of the combustion process, a characteristic
of turbulent swirling flames stabilized far away from the
injector outlet. It can be noticed that the combustion re-
action takes also place between the ORZ and the outer
swirling jet shear layer. The flame takes in this case in-
termittently an M-shape, with rapid transitions back to
its V-shape. The probability of presence of the M-shape
structure remains small p < 20% due to the high dump
ratio of the combustor leading to high thermal losses in
the ORZ [12]. The ORZ is too cold to sustain combus-
tion between the ORZ and the outer shear layer of the
swirling jet.

When the injection nozzle is equipped with a diffuser
cup angle @ = 10°, the flame still mainly features a V-
shape, but lies closer to the injector outlet with a leading
edge front at z;/ry = 1.0. The probability of presence

of the flame front increases above p > 20% with a large
fraction with p ~ 35% over most of the flame volume.
The flame leading edge front now lies on both sides of
the burner axis, above the regions featuring the lowest
axial velocities at |x|/7y = 0.8. This is due to the pecu-
liar structure of the jet flow at the nozzle outlet produced
by this axial-plus-tangential injector. The flame leading
edge preferentially lies in a region comprised between
the burner axis where the axial velocity reaches a local
maximum and the inner shear layer of the swirling jet
at |x|/rp = 1.2 where the velocities are the highest. The
trace of the statistical distribution of the leading edge
reaction layer follows the axial velocity profile and also
takes a smoothed but discernable W-shape. One may
also note that the leading edge of the IRZ at zgp/ry = 3.0
is no longer located along the burner axis. The flame
front probability of presence at the interface between
the ORZ and the outer shear layer of the swirling jet
has slightly increased with values p > 20%, meaning
that the probability to find the M-shaped flame distribu-
tion has slightly increased compared to injection with
the straight injection tube (@ = 0°).
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Figure 5: Angle 3 (black disks) of the swirling jet flow at the injector
outlet and position of the IRZ leading edge stagnation point zsp/rg

measured (empty diamonds) and predicted by Eq. ( 19) (continuous
line) as function of the diffuser cup angle «.

When the diffuser cup angle is further increased to
a = 30° the flame now switches intermittently be-
tween a V-shape and an M-shape with about the same
probability. The IRZ leading edge moves very close to
the maximum probability of presence of the flame front
with a leading edge position at zgp/ro = 0.8 and is off-
axis by |x|/rp = 1.0. Note that the stagnation point of
the IRZ along the burner axis lies much further away at
zsp/ro = 1.8. The flame leading edge position also lies
off-axis at the same distance z;/ro = 0.8 as the leading
edge of the IRZ, but is pushed radially away from the
burner axis at |x|/rg = 1.5. The main difference with re-
sults for a cup angle @ = 10? is that for @ = 30° the IRZ
now protrudes far upstream close to the injector outlet.
This protruding IRZ shrinks the size of the flame in the
axial direction with almost no reaction left in the central
region of the flow and pushes the combustion zone to-
ward the side of the burner. The probability of presence
of the flame front remains lower than p < 15% along the
burner axis. The combustion reaction is now essentially
concentrated in the internal and external shear layers of
the flow between the IRZ and ORZ. On average the trace
of the distribution of the leading edge of the flame reac-
tion layer lies again in the zones of low axial velocities
at |x|/ro = 1.0 and takes a W-shape. This W-shape is
now more apparent than for the case with @ = 10°.

For a diffuser cup angle @ = 45°, the flame takes a
torus shape stabilized close to the dump plane of the
injector in a wall jet regime. This flow regime is charac-
terized by the disappearance of the ORZ and a predomi-
nant IRZ occupying almost all the combustion chamber
except the central region of the flow close to the injector
outlet. The probability of presence of the flame front
increases now up to values p ~ 40% and the reaction
mainly takes place along the arms of the swirling jet.
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Figure 6: IRZ leading edge position zsp/ro in non-reacting (black
squares) and reacting (empty diamonds) flow conditions, and flame
leading edge position zy (black disks) as a function of the injector
diffuser cup angle .

In this wall jet regime, the IRZ doesn’t move further
upstream, but grows bigger in the transverse direction
because the axial velocity at the burner outlet is high
enough to avoid flashback. This feature is a specificity
of the axial-plus-tangential swirler used in this study al-
lowing independent control of the axial and tangential
mass flowrates injected in the burner. This is used to
prevent flashback [17, 27].

Effects of the quarl angle are further analyzed by
measuring the jet opening angle 8 of the swirling jet.
This angle represented in the second image at the bot-
tom in Fig. 4 is defined as the angle between the vertical
axis and the line of maximum velocity reached by the jet
flow over the first 10 mm above the injector outlet. The
evolution of B is plotted in Fig. 5 as a function of the dif-
fuser cup angle a. The position of the stagnation point
zsp defined as the lowest axial position of the IRZ is
also represented in this figure. The angle g linearly in-
creases with a below @ < 30°. It then changes abruptly
for 30° < @ < 45° when the jet switches to the wall jet
regime. This analysis confirms that the swirling jet an-
gle B regularly increases like the angle « of the diffuser
cup as long as the swirling jet flow lies in the free jet
regime.

The flow field is now analyzed by comparing mea-
surements in reacting and non-reacting conditions. Data
gathered under non-reacting conditions are not shown
here (see [17]). In these experiments, the bulk flow ve-
locity is compensated for the absence of fuel in the non-
reacting conditions. Figure 6 represents the IRZ lead-
ing edge position z5p/ry in reacting (black squares) and
non-reacting (empty diamonds) conditions. The posi-
tion of the flame leading edge front z¢/rg (black disks)
is also plotted. The combustion reaction slightly al-
ters the position of the IRZ. Acceleration of the burnt



gases due to thermal expansion pushes the IRZ a bit
further downstream from the injector outlet, but differ-
ences for zgp/ry between cold flow and hot flow re-
sults remain small. This figure also confirms that the
flame leading edge z/ro always lies upstream the IRZ
leading edge zsp/ro with and without the combustion
reaction. Consequently, measurements of the flow in
non-reacting conditions allow to infer the position of
the leading point of the IRZ and the flow regime of the
swirling jet with good confidence.

SWIRL NUMBER MEASUREMENTS

Laser Doppler Velocimetry measurements are carried
out in non-reacting conditions to determine the three
components of the velocity field at the injector outlet. In
these experiments, the bulk flow velocity in the injector
is compensated for the absence of fuel. Results for the
mean (a)-(b) and rms (c)-(d) velocities are presented in
Fig. 7 for quarl angles 0° < a < 30°. As the pressure
field could not be determined, the axial momentum G, is
approached by its pressure-less equivalent EZ, yielding
the pressure-less swirl number S :

3)

where r, is the diffuser outlet radius and A denotes the
integration area over the entire cross section of the com-
bustion chamber.

As both u; and uy drop to zero out of the swirling
jet, it has been verified that the measured value for S
does not depend on the choice of the size of the inte-
gration area A. When measured at z/ry = 0.5, the axial
and tangential velocities are always null at the end of
the probed volume. These conditions could not be met
further downstream z/ry > 0.5 or for large quarl angles
a > 45° due to the limited optical access through the
combustion chamber.

One reminds that the geometrical swirl number S =
0.85 is kept constant for all explored cases. The mea-
sured values for S are reported in Tab. 1 for the different
quarl angles. It was not possible to perform exploitable
measurements of the swirl number in the wall jet regime
for @ = 45°. 1t is found that the swirl number S remains
roughly unaltered when the diverging cup angle is var-
ied between 0 < @ < 30° with the axial-plus-tangential
swirler used in this study :
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Figure 7: Laser Doppler Velocimetry measurements of the cold
swirling flow for @« = 0, 5, 10 and 30°. S¢ = 0.85, Re= 18000.
(a) Mean axial velocity. (b) Mean azimuthal velocity. (c) rms axial
velocity fluctuation. (d) rms azimuthal velocity fluctuation.

Table 1: Measured Swirl numbers S for Re=18 000 and velocity pro-
files at z/rp=0.5 for different quarl angles «.

al’] 0 5 10 30
S 0.78 | 0.72 | 0.78 | 0.74

where R, and R, stand for the outlet radius r, of two dif-
ferent diffusers. This result is at variance with the sim-
plified model Eq. (1) from Gupta and Lilley [4] yielding
an increasing swirl level as the quarl angle « increases.

It also results that the evolution of S with respect to
the widening of the quarl angle cannot be used to inter-
pret the flame topologies seen in Figs. 3 and 4. Increas-
ing the swirl level, with a swirl number calculated on



a pressure-less basis, shortens the flame and shifts the
recirculation zone further upstream [17]. The Oxytec
burner exhibits here that enlarging the quarl angle does
not alter the pressure-less swirl number and still lowers
the position of the IRZ. At this point, either the common
assumptions made to measure the swirl number are in-
adequate to configurations featuring a diverging quarl or
the swirl number is not the relevant quantity to investi-
gate the behavior of an injector when the diffuseur cup
angle is modified.

One may first wonder if this difference could be at-
tributed to effects of turbulence that would alter the
swirl level between the inlet and outlet of the diffuser
cup. As mentioned previously, the rms velocity fluctu-
ations plotted in Fig. 7(c)-(d) do not drop to zero away
from the burner axis and these data cannot be used to
make reliable estimates of the swirl number. However,
it appears that the level of turbulence is high for the four
flows produced by the different quarls. With the 30°
quarl, the rms velocities even surpass the mean values
over a large section of the combustion chamber. Finally,
the rms values reached by the axial and azimuthal veloc-
ities barely change when the quarl angle varies. One can
therefore hypothesize that taking into account the con-
tributions from the turbulent velocity fluctuations in the
swirl number estimates would lead to reduced variations
of the swirl number when the quarl angle is varied.

As stated in the introduction, the experiments from
Chigier and Beer [13] and Mahmud et al. [22] show
that the momentum fluxes Gy and G, remain constant
when the static pressure is included in the calculation
of G,. A theoretical analysis is developed in the next
section to shed further light on this issue.

THEORETICAL ANALYSIS

The analysis is made by starting from first principles
for a constant density flow. As sketched in Fig. (8), a
fixed control volume is considered with a cross section
inlet A; and a cross section outlet A, oriented along the
vertical axis e,. This volume is bounded on its lateral
side by an impermeable boundary over a surface area
%. Rotational symmetry of the flow and of the control
volume boundaries are assumed. For a steady, inviscid,
turbulence free and gravity free flow, the projection of
the axial and azimutal momentum balances along the

Uy, Uy,

Figure 8: Notations for the theoretical analysis. Right: the swirl num-
ber increases in a converging nozzle because py > po (Cr < 0). Left:
the swirl number decreases in a diffuser because py < pe (Cr > 0)
provided the pressure loss is not too large.

vertical axis yields :

f(pu§+p)dA—f(pu§+p)dA=—fpn-esz
Ay Ay z

f prugu; dA — f prugu,dA =0
Az Al
&)

where n is the external normal unit vector to the control
volume boundary.

The quantity pe fA n - e,dA = 0 is subtracted from
the momentum balance, where p., corresponds to the
ambiant pressure, which is taken constant. One is left
with :

G,p,-G, =F; (6)
Gopr =Gy =0

where G ; and Gy are respectively the axial and tangen-
tial momentum flux projections through the cross sec-
tions A; with j =1,2:

anf@ﬁ+wﬂwwA,<%=fpm%M
Aj A;
@)

and F, denotes the axial force exerted by the solid
boundaries on the flow. Due to the rotational symme-
try, this force is oriented along the vertical axis:

FF‘L@#WW%M ®)

The choice of p., albeit indisputable in an unconfined
jet in still air, can be debated when the jet flows into a
combustion chamber, where the mean pressure differs
from the atmospheric pressure. In this theoretical study,
confinement is not taken into account, so that p., = p,
the pressure at the diffuser outlet.

One designates by Cr = F,/G;, the pressure force
made dimensionless by the axial momentum flux in
section 1. The swirl number is also defined as § =
Gy/(RG;), where R is the radius of the cross section



area of interest. The evolution of the swirl number S
between an inlet with section A; and and outlet with
section A, can thus be expressed as:

Sy R 1

S, Ry 1+Cp
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Assuming that the two axial momentum fluxes are
positive quantities, G;; > 0 and G,, > 0, Eq. (6) yields
the folllowing inequality for Cr: —1 < Cr < G, /Gy, .
The evolution of the swirl number through a tube with a
variable cross section area is controlled by the pressure
force applied to the impermeable boundary in the ax-
ial direction through the ratio Cr = F,/G;; in Eq. (9).
Since the azimuthal momentum Gy remains unaltered
for an inviscid flow along a duct, the swirl variation is
driven by the rate of conversion of the initial axial mo-
mentum flux G;; to the axial force F, exerted on the
impermeable boundary.

Let consider the generic cases of a nozzle and a dif-
fuser as sketched in Fig. 8. Equation (9) shows that
the swirl number necessarily increases in the converging
nozzle because py > po and the ratio Cr is negative. It
results in an increase of the swirl number due both to
Ri/Ry>1and (1 +Cp)™' > 1.

The case of the diverging cup shown on the right in
Fig. 8 is more difficult to handle and does not lead to a
systematic conclusion. The pressure distribution along
the lateral wall now depends on the eventual presence
of recirculation zones due to flow separation inside the
diffuser. This pressure distribution is in this case much
more sensitive to the exact geometry of the diffuser [28].
The pressure drop through the device results from a
competition between the conversion of kinetic energy
and pressures losses modeled here by a singular pres-
sure loss coefficient k. In typical air swirling injectors,
the head loss remains generally weak, and one seeks to
keep Cr as low as possible to limit pressure losses. This
leads in Fig. 8 to a decrease in the swirl number between
the inlet and the outlet sections of a diverging cup. The
sign of Cr in Fig. 8 is confirmed by the pressure mea-
surements from Chigier and Beer [13].

In both the converging nozzle and diverging cup, the
term (1 + Cr)~! in Eq.(9) magnifies the respective in-
crease and drop of swirl due to the change of the cross
section area between the inlet and outlet. The con-
trast with Eq. (1) denotes that the swirl number evolu-
tion differs when taking into account the pressure terms.
Note that the conservation of axial momentum flux re-
ported in [13, 22] is interpreted here as Cr being small
in Eq. (9).

Mechanical energy balance

The previous qualitative analysis is deepened on a
more quantitative basis with the help of shape factors
that are defined as follows. Profiles are first set dimen-
sionless with shape factors that characterize the inho-
mogeneous nature of the considered velocity profiles.
Let f;; and fy; respectively designate the dimension-
less profiles of the axial and tangential velocities, with
j=12:

u (1) = £ /DU ugi(r) = fo(NUs;  (10)

where U, ; and Uy; are the area-averaged axial and
tangential velocities shown in Fig. 8. They are defined
as UjA; = fA/ u; j(r)dA. The shape factor f,-j(r) needs
in turn to comply with fA, ﬁj(r)dA = Aj, withi = z,6
and j=1,2.

One can express the pressure-less swirl variation
through a change of the cross section area by:

2 Ry Jy, FI0)AAJA,
L Rf£3(0daja,

“|

an

|

Due to the angular momentum conservation, change
of the swirl number is fully controlled by the axial flow
velocity profile at the system terminations. This expres-
sion generalizes Eq. (1) from Gupta and Lilley [4] es-
tablished for a constant axial velocity (f;; = f;, = 1) to
velocity profiles of arbitrary shapes obeying to Eq. (10).

Equation (11) is now used to highlight the impact of
the structure of the velocity profiles on the evolution of
the swirl number. The LDV measurements reported in
Fig. (7) are used to determine the shape factors f;, and
[z at the diffuser outlet, for two different diffusers of re-
spective radius R and R;. In doing so, one retrieves the
experimental result S 2 /§1 ~ 1, as in Eq. (4). Therefore,
the use of shape factors in Eq. (11) reconciliates the evo-
lution of the swirl number Eq. (4) measured by LDV
with the model Eq. (1) from Gupta and Lilley. This
validation underlines that the value of the swirl number
mainly relies on the assumptions made on the velocity
profiles.

Shape factors are now used to close the dimensionless
pressure force Cr term in Eq. (9) by a balance of me-
chanical energy applied to the control volume delimited
by the inlet A; and outlet A, sections of the diverging
quarl. The flow is again considered as steady, with neg-
ligible viscous effects. The mechanical energy balance



is expressed in its integral form:

1 1
f(—pv2+p)v-ndA—f(—pv2+p)v~ndA
a\2 4 \2

1
= kf —pulv-ndA (12)
Ay

2

where k denotes the head loss through the diverging
quarl. Mass, momentum and energy balances are rewrit-
ten with the help of shape factors. Quantities are set
dimensionless with respect to U;,. For a fixed ra-
tio Uy /U, characterizing the angular velocity of the
upstream flow, the set of three balance equations is
solved to determine the ratios U,,/U;;, Ug,/U,, and
(p1—Po)/ (pUz%). When assuming the shape factor dis-
tribution, the swirl number S,/S; comes as a result.

An analytical solution is derived for a uniform axial
flow f, ;= 1 and a solid-body rotation fj i = (3/2)(r/R)
at the inlet (j = 1) and outlet (j = 2) of the diffuser,
as Gupta and Lilley [4] did in their model Eq. (1). The
resolution of the system leads to the pressure coefficient
C, = (p2 - pl)/(pUzz/Z) and the pressure-dependent
swirl number S :

_DP2—Pp1 ) ( ) ~2)
= =1 -x)[x"+1+28, |-k (13
p= o2 =0 1 (13)
and
k1 —
g—izx 1+§+§(x2—1>(x2+1+2512)] (14)
where x = R;/R; and §1 = % designates the

pressure-less swirl number, and Q, t}]le angular veloc-
ity at the diffuser inlet. It appears that the ratio of the
swirl number does not only depend on the ratio R/R;
but also on the pressure-less swirl number S and head
loss k. As the swirl evolution is not straightforward
in Eq. (14), a Taylor expansion in the neighborhood of
R, = R, yields :

SH k R; —2 k
S, —1+2 (R1 1)(1+251 2) (15)
This latter expression describes the decline of the swirl
number through a small diverging cup.

Figure 9 depicts the swirl number evolution through
a diffuser for different inlet swirl numbers S| in the ab-
sence of head loss k = 0. The scope of these formula
remains limited as the head loss k needs to be speci-
fied and depends itself on several flow parameters. It
is however shown here that the pressure contribution to
the swirl number can be evaluated with a balance of me-
chanical energy. This energy budget shows that an in-
creasing swirl level S| at the diffuser inlet leads to a
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Figure 9: Swirl number ratio S,/S for different inlet pressure-less
swirl number S |, with £ = 0.

higher kinetic energy loss through a section change, so

that G, decreases with p; — py, yielding a smaller ratio
S2/S1.

As a conclusion, the impact of the quarl angle on the
swirl number S evolution has been investigated from
different perspectives: (i) through LDV measurements
of the pressure-less swirl number S, (ii) with a theo-
retical analysis of the swirl number S evolution with
the help of Eq. (9), (iii) with the help of shape factors
to solve the mechanical energy balance in Eq. (14). It
has been shown that in all three cases, the swirl number
decreases with the quarl angle expansion, and that the
pressure-less swirl number S is not altered through the
cross section area change. This theoretical analysis con-
firms that changes of the swirl level S through the injec-
tor diffuser cup, regardless the method used to evaluate
this change, cannot explain the structure of the flame
and flow patterns observed in the experiments when the
injector cup angle is varied.

It is at this point worth recalling the assumptions
made in the experimental and theoretical analysis car-
ried out in this work. First, the expressions Egs. (9)
and (14) derived in this work result from inviscid the-
ory, in which effects of turbulence have also been ne-
glected. Measurements of the swirl number carried out
in this work do not include effects of the turbulent ve-
locity fluctuations either. Secondly, as the overall study
focuses on the influence of the quarl angle, all other ge-
ometrical parameters that are known to alter the flame
and flow patterns have been kept constant. For instance,
effects of the injector geometry have been investigated
in [24]. Effects of the combustion chamber confinement
have been investigated in [9] and this study pertains to
situations in which the confinement ratio is large.



Figure 10: Schematic of the flow depicted as a stagnation flow be-
tween the injector quarl and the internal recirculation zone.

Impact of quarl on the stagnation point position of the
IRZ

Measurements in Fig. 4 show that the growth of the
IRZ is promoted by a large increase in the radial com-
ponent of the flow when the quarl angle rises from 0° up
to 45°. Through the continuity equation, the gradient of
radial velocity is balanced with the negative gradient of
axial velocity in the vicinity of the diverging nozzle out-
let. The following analysis is carried out so as to provide
a model for the displacement of the position of the inter-
nal recirculation zone towards the injector outlet when
the quarl angle increases.

Let assume that a swirling jet passes through a diverg-
ing quarl, with a sufficiently high level of swirl to create
an inner recirculation zone in the combustion chamber,
as sketched in Fig. 10. The pressures, velocities and
cross section areas are indexed by 1 at the diffuser inlet,
and by 2 at the outlet of the diverging cup. The quarl
outlet also defines the axial origin, whereas zsp stands
for the axial coordinate of the stagnation point defining
the lower position of the IRZ along the burner axis.

The axial velocity gradient along the burner axis is
set by the adverse pressure gradient, no matter the swirl

motion :
op ou,

oz - M
The adverse pressure gradient is promoted by the expan-
sion of the quarl and stays positive up to the stagnation
point zg p. The momentum balance Eq. (16) is now eval-
uated at the quarl outlet z = 0. Figure 5 indicates that
the swirling jet opening angle 8 regularly increases like
the angle « of the diffuser cup as long as it lies in the free
jetregime : B ~ @ when @ < 30°. Therefore, following
the streamlines, the pressure gradient at the quarl outlet
in section (2) is then equal to the pressure gradient at the
quarl inlet in section (1) :

(16)

p-r Ou
I P25 om0

A7)

The impact of the internal recirculation zone on the flow
in the vicinity of the injector outlet can be considered
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as a typical stagnation flow with a strain rate €. The
inviscid flow thus obeys to u, = u;, — €z, and z5p =
u;, /€. By eliminating €, the height of the stagnation
point thus scales as:

sP - (A] )2 1
h Ay) Cp

The pressure coefficient C), is given by Eq. (13) show-
ing that a diverging quarl increases the pressure drop C,
positively. Equation (19) states that the adverse pres-
sure gradient moves the stagnation point zg p further up-
stream closer to the injector outlet due to the cross sec-
tion area ratio (A, /A,)? and the inverse of the pressure
coefficient 1/C,, that both decrease for increasing quarl
angles.

This behavior is precisely the one which is observed
in Figs. 4 and 5. Predictions from Eq. (19) are super-
imposed to the measurements of the IZR leading edge
position along the burner axis in Fig. 5. To do so, the
values found for § = 0.85 and k = 0.5 are used to deter-
mine C, with Eq. (13) and the model is calibrated with
the measurements made for « = 10°. No difference
has been found when changing the head loss coefficient
from k = O up to k = 1 because the major contribution
in Eq. (19) lies in the area ratio A;/A,. The match be-
tween the model and the measurements is excellent in
Fig. 5, except in the absence of quarl when a = 0°. In
this case, the adverse pressure gradient in Eq. (16) is not
related to the quarl, but to the natural expansion of the
swirling jet, a feature which is not taken into account in
the present analysis.

It has been shown that the position of the leading edge
front of a swirling flame can be controlled in the Oxytec
test-rig by adjusting the angle of the diffuser cup from
the injector. It has then been demonstrated that the re-
sulting modification of the swirl level due to the quarl
does not take part in the process because the diverging
cup reduces the swirl number S as seen in Eq. (4) and
let the pressure-less swirl number S unaltered (Eq. (9))
in the Oxytec test-rig. It has then been shown that the
axial velocity gradient at the injector outlet mainly de-
pends on both the magnitude of the axial velocity and
the pressure drop induced by the quarl. The quarl ex-
pansion is responsible for both a stronger adverse pres-
sure gradient and a reduction of the axial flow velocity.

Though assuming a stagnation flow pattern at the
burner outlet constitutes a rough approximation of real-
ity, the model Eq. (17) developed in this study success-
fully reproduces the evolution of the stagnation point
position zgp of the internal recirculation region as a
function of the axial velocity gradient at the burner out-
let Ou,/0z(z = 0) as observed in the experiments. This

P2 — D1
2
z1

with C, = (18)



physics based model may be used as a starting point
to develop more realistic representations of the swirled
flow at the outlet of a swirling injector and needs to be
further corroborated with other injector technologies.

2
zsp  [Azp) 11 . P2 — D1
= ~ | == _ th C = — 19
h (Az ) JCp . ! IJUzl2 1
CONCLUSION

The impact of a diverging cup on the structure of
technically premixed swirling flames has been inves-
tigated experimentally and analytically. In this study,
flames are stabilized aerodynamically at the injector
outlet of the flow produced by an axial-plus-tangential
swirler ended by a diffuser cup with an adjustable angle.

Flame topologies have been observed with OH*
chemiluminescence imaging. PIV and OH PLIF mea-
surements in reacting conditions have provided infor-
mation on the structure of the flame and the inter-
nal recirculation zone produced by the swirled flow.
For a given geometrical swirl number calculated before
the diffuser cup, increasing the quarl angle consider-
ably widens the internal recirculation zone, shortens the
flame and moves the position of the IRZ upstream closer
to the burner outlet. A large value of the quarl angle can
place the flow and flame patterns in the wall-jet regime,
at a confinement ratio where a free-jet regime is gener-
ally produced in the absence of quarl.

A comparison with non reacting flow conditions has
shown a very similar evolution of the position of the
internal recirculation region as the quarl angle widens
with results obtained under reacting conditions. LDV
has been carried out to determine the swirl number with-
out pressure terms for the different quarl angles tested.
It has been found that the pressure-less swirl number S
remains unaltered by the quarl expansion, a result which
conflicts with the predictions from Gupta and Lilley ez
al. [4]. The measured swirl levels S are therefore seen
not to account for the drastic increase of the internal re-
circulation as the quarl angle increases.

A theoretical analysis has been carried out to take the
pressure contribution into account in the Swirl num-
ber S and examine the impact of a diverging cup on
the swirl number evolution. It has been found that the
swirl number S decreases as the quarl angle increases,
and that this trend is magnified when pressure effects
are included. The pressure contribution reduces the up-
stream axial momentum flux. Hence, neither the mea-
sured pressure-less swirl number nor the theoretical es-
timates allow to account for the flame and flow patterns
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observed in the experiments. It is firmly concluded that
the swirl number is not the relevant dimensionless quan-
tity to assess the impact of a nozzle cup on the flame and
flow patterns when the quarl angle is varied, all other
parameters remaining fixed.

It is finally found that the decrease of the axial flow
velocity and increase of the adverse pressure gradient at
the burner outlet are both responsible for the displace-
ment of the position of the stagnation point of the inter-
nal recirculation zone as the quarl angle increases. The
diffuser expansion is seen to diminish the axial momen-
tum flux per unit area, which reduces the jet ability to
push the internal recirculation zone further downstream.
A theoretical model has been developed that well re-
produces the experimental data for the diffuser cup an-
gles tested between 5° < @ < 30° by assuming that the
swirling flow takes the structure of a stagnation flow at
the burner outlet.
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