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Penetration and Mixing of Radial Jets in Neck-Down
Cylindrical Crossflow
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A parametric study of the penetration and mixing of radial jets in a neck-down cylindrical crossflow, which
is characteristic of the quick-mix section in a generic tubular rich-burn/quick-mix/lean-burn combustor, is
performed numericaily. The parameters considered are the jet-to-crossflow momentum-flux ratio, number of
injection orifices, neck-down ratio, swirling flow, and aspect ratio and orientation of radial slots. The analysis
considers only nonreacting flows in order to concentrate on the fluid mechanics aspect of the processes, using
temperature as a passive scalar to characterize the mixing performance. Laser-induced fluorescence experiments
were also performed to verify the computational model. The results show that 1) the momentum-flux ratio has
the most prominent effects on mixing performance, 2) there is a tradeoff between mixing effectiveness and
pressure penalty, 3) the optimal configuration changes with the number of orifices and the slot aspect ratio, 4)
an empirical optimal mixing correlation was developed for slotted orifices, 5) swirling flow does not improve
mixing or pressure loss, and 6) necked-down sections do not necessarily enhance mixing but produce structural
blockage, raising the pressure penalty. The implications of the parametric study on designing optimal mixer
geometry are also discussed in terms of temperature and pressure penalty.

Nomenclature

experimentally derived constant for single-side
injection, 2.5

axial flow inlet diameter

hydraulic diameter

= exit diameter of lean-burn section
momentum-flux ratio of the radial jets to the
crossflow, (p,VH/(p.V?)

turbulent kinetic energy

mass flux

optimum number of orifice

number of radial injection orifice

dimensional pressure drop across the combustor
stagnation pressure

radial direction

jet slot aspect ratio. long dimension/short
dimension

temperature

average temperature

mean velocity in the x (or r) direction for
crossflow (or jet flow)

axial direction with origin at the center of the
injection slot

dimensionless pressure drop across the combustor,
PP,

dissipation rate of turbulent kinetic energy
density of the fluid

mass-averaged standard deviation of temperature
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Subscripts

c = core flow

i = grid number
] = jets

Introduction

APID mixing of two streams of fluid is frequently re-

quired in energy systems and in chemical or manufac-
turing processes. One particular type of rapid mixer that has
a simple geometry and does not require mechanical mixing
or swirling Is the radial mixer, in which radial jets are injected
from orifices into cylindrical crossflow. The cylindrical cross
section is usually reduced at the jet injection location in order
to provide a low-pressure core to enhance penetration of the
radial jets.

One particular application of the radial mixer is the low-
emission axially staged combustor,' or the rich-burn/quick-
mix/lean-burn (RQL) combustor.? In this type of combustor,
combustion is initiated in a fuel-rich zone at equivalence ratios
between 1.2—1.8, thereby reducing NO, formation by low-
ering the combustion temperature and depleting the available
oxygen. Bypass combustion air is introduced in a quick-mix
section, and lean combustion occurs downstream at an overall
equivalence ratio between 0.5-0.7. The quick-mix section of
a tubular RQL combustor is essentially a radial mixer. The
neck-down area, in addition to enhancing mixing and pre-
venting backflow, serves to reduce residence time at the mixer.
However, care must be taken to achieve quick, uniform, and
complete mixing of the hot rich-zone products to avoid the
formation of high-temperature and subsequent thermal NO,,
which takes place at the stoichiometric conditions,* and local
hot spots that deteriorate the overall emission and the material
performance. Previous investigations of rich/lean combustors
for heavy fuel applications®* have clearly shown the sensitivity
of overall emission to the quick-mix section. It is the perfor-
mance of the quick-mix step, and achieving it at the cost of
minimum pressure loss, which holds the key to a successful
RQL combustion process.
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Although previous studies of gas turbine dilution-hole
aerodynamics®~!! contribute to our understanding of the jet-
in-crossflow process in general, the radial mixer has some
unique characteristics that are still not well understood. For
example, the time and space allocated are so short, and the
bulk flow rate of the mixing jets is so large, that the momen-
tum-flux ratio of the jet to the crossflow must be in the range
of 15-60. Therefore, similar to gas turbine dilution hole aero-
dynamics, the momentum-flux ratio is expected to be the most
prominent control parameter for mixing performance. How-
ever, the optimal momentum-flux ratio for any given geom-
etry remains unclear. Different dilution orifice designs (single
or multiple lines of circular holes, axial, inclined, or staggered
slots) have also appeared in the literature.> >~ However, the
effects of geometric parameters such as the number of injec-
tion orifices, slot aspect ratios, and slot orientation on the
mixing performance remain unclarified. Also, the issues of
pressure penalty and neck-down ratio, and the swirling flow
in the axial crossflow need to be examined.

The objective of this article is to study numerically the
effects of radial jets on the penetration and mixing perfor-
mance of a generic symmetric RQL quick-mix section. Typical
high-pressure, high-temperature airflow properties for a com-
bustor, similar to those proposed by Talpallikar et al.,'? are
used to characterize the jets and crossflow in the present
study. However, in order to concentrate on the fluid me-
chanics aspect of the flow process, only nonreacting flows
were considered in the present study. Furthermore, since the
mass-flux ratio was kept constant, the average temperature
thereby serves as a passive scalar for the mixing process for
adiabatic wall boundary conditions. Two types of jet slots
were considered: 1) rectangular straight slot aligned in the
streamwise direction and 2) slanted slot that is formed by
twisting the straight slot with a certain angle. The parameters
considered are the jet-to-mainstream momentum-flux ratios
J, the number of injection orifices #, and the aspect ratios of
the slotted orifices, SAR. The equivalence ratio was kept
constant. The effects of necked-down ratio, swirling cross-
flow, and slanted slot on the penetration and mixing perfor-
mance are examined for selected cases. The implications of
the parametric study on designing optimal mixer geometry
are also discussed in terms of temperature uniformity and
pressure penalty. Also, pulsed laser-induced fluorescence ex-
periments were also performed to verify the computational
results at selected parametric conditions.

Numerical Approach

A steady-state three-dimensional Navier-Stokes solver'> was
used to investigate radial mixer performance by simulating
the nonreacting flowfield in a generic tubular RQL combustor
quick-mix section. The computation is based on the finite
volume formulation and a variant of the pressure-based
SIMPLEC!? algorithm. The governing equations are formu-
lated using a fully implicit and strongly conservative formu-
lation, and solved with a modified form of Stone’s strongly
implicit solver." An upwind differencing scheme was used
for the convection terms. Turbulence properties are modeled
using the k-¢ model with wall functions. Typically, the re-
siduals drop four to five orders of magnitude within two hundred
iterations, without tuning of the under-relaxation coefficients.
Slanted slots and swirling flow cases, however, have slower
convergence speed. These usually require more than one or
two thousand iterations.

The base geometry consists of three components: 1) the
crossflow inlet, 2) the neck-down injection section, and 3) an
enlarged mixing section, with a 6- by 5- by 7-in- (0.152- by
0.127- by 0.178-m-) diam variations. The lengths of the straight
cylindrical sections were 0.076, 0.228, and 0.127 m, respec-
tively; the lengths of the converging and diverging cylindrical
sections were 0.22 and 0.066 m, respectively. The mixing
performance was characterized using the mass-weighted-stan-

dard-deviation of temperature distribution o at one-half of
the inlet diameter downstream of the quench-air injection
location. The o is defined as follows:

2 mz(T, - Tuvg):

i

UT = Tavg (1)

Zm
L

where T, and m; are the temperature and mass flux in each
computational grid cell i, respectively. Optimal mixing should
result in the most uniform temperature distribution, or min-
imum o5. In addition to temperature uniformity, pressure loss
was also an important consideration for combustor perfor-
mance, therefore, it is also taken into account by keeping
track of the stagnation pressure difference AP across the com-
putation domain. Equation (1) could also be normalized using
T,,1 — T,,) instead of T, as proposed by Dimotakis and
Miller,® in order to bound o between 0 and 1, allowing
comparisons of cases where mass-flux ratio is not fixed.

The parameters considered in the present study are the jet-
to-mainstream momentum-flux ratios (/ = 2—64), the number
of injection orifices (n = 2-12), and the aspect ratios of the
mixing jet slots (SAR = 1 to 4). The mixing sections are
interchangeable, each has a different geometry. The overall
mass-flow ratio of jet-to-crossflow (equivalence ratio) is kept
constant. The effects of neck-down ratios, swirling crossflow,
slanted slot, and turbulent intensity of the jet on the mixing
performance were also studied for selected cases.

Grid System

A cylindrical body-fitted system was used for the numerical
study. Due to the symmetry of the radial jets in crossflow,
the computation domain covers only half of the pie-section,
which is sandwiched between a periodic boundary condition
plane (between the jets) and a symmetry plane (at the jet
center). For cases with slanted slots or swirling crossflow,
however, a whole pie section (sandwiched between two pe-
riodic boundaries) was used for the computation domain. A
transfinite interpolation procedure was used to generate the
grids for the slanted-slot case. Typical grid systems used in
the straight-stot and slanted-slot cases are shown in Fig. 1.
Grid density converges to the jet center and to the wall to
resolve the strong velocity gradients in these areas.

The grid system must be changed with respect to the num-
ber of injection orifices, since the physical dimensions of the
pie-section change with the number of orifices in reverse or-
der. The grid system must also be modified to correspond to
the change in slot aspect ratio. Furthermore, since the overall
mass-flow ratio of jet to crossflow (equivalence ratio) is kept
constant, the orifice dimension will also change with the mo-
mentum-flux ratio. As a result, the grid system must be changed
for every parameter considered. Grid-sensitivity was studied
using the test case withJ = 24, n = 6, and SAR = 1. Visual
inspection of the flow pattern showed very little change when
the grid density reached 10,000 for the computation domain.
Typical sensitivity of o to the grid density is shown in Fig.
2. This figure shows that less than 2% of variation in o was
found when the grid density is between 10,000—100,000 for
the computation domain. Most of the grid densities of the
test matrix are in this range; for the present parametric study
the current grid system is felt to be sufficient.

Boundary Conditions

For simplicity, a uniform velocity profile is prescribed at
both inlets of the jet and the mainstream. The sensitivity of
the solution to the inflow turbulence properties was also stud-
ied by prescribing different turbulence intensities at the jets.?!
The results show that the initial turbulence intensities have
some influence on the overall flowfield. This is plausible, since
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Fig. 1 Typical grid system: a) straight and b) slanted slots.
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Fig. 2 Typical grid sensitivity on the results of o for J = 24, n =
6, and SAR = 1. )

the turbulence structure of the jets will influence the mo-
mentum and mass transport processes. Also, in order to find
the appropriate boundary conditions, a computation domain
incorporating an outer annular plenum chamber that supplies
the mixing jets and an inner cylindrical core was used. The
‘two regions were separated by the cylindrical liner, and com-
municate only through the slot. Cell blockage technique and
wall function were invoked to simulate the presence of the
cylindrical liner. The convergence history was very slow.

Table 1 Inlet boundary conditions

Crossflow Jet
Velocity, m/s 35.4 Varied
Density. kg/m? 5.82 1.864
Temperature. K 2221 811
Turbulence intensity, %D, 4 16.2

However, when convergence occurs, the averaged turbulent
intensities and dissipation values at the jets inlet were then
used as the boundary conditions for the parametric study. The
inlet boundary conditions are summarized in Table 1.

Experimental Approach

Pulsed planar laser-induced fluorescence (PLIF) flow-vis-
ualization experiments were carried out to validate the com-
putational results. A scaled-down test model, made of Pyrex®
glass, with a 3- by 2.5- by 3.5-in. dimension was used in the
present experiment. The model was positioned vertically. The
necked-down mixing section is interchangeable, each with a
different geometry. Figure 3 shows the schematic of the ex-
perimental setup. The water flow were gravity-fed to maintain
at a steady and constant flow rate throughout the experiment.
The mixing jets were fed through an annular plenum around
the cylindrical sections. Baffles and flow straighteners were
installed inside the plenum to ensure uniform distribution of
jet flows around the quick-mix section. The overall mass-flux
ratio of jet-to-crossflow (equivalence ratio) is kept constant
(1.92). Also, limited by the flow capacity, Reynolds numbers
of both the cylindrical crossflow and the mixing were in the
range of 5 X 10° to 1.0 x 10

Kodak dye Styryl-7 was added to the axial flow supply tank
and was well-stirred before commencing test. The dye mol-
ecules fluoresce when they are illuminated by a Nd-YAG
pulsed laser light-sheet passing through the selected test sec-
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Fig. 3 Schematic of the pulsed PLIF experimental setup.

tion. Second harmonic of the YAG laser at a wavelength of
532 nm was used to excite the dye whose absorption spectrum
peaks at 704 nm. The pulse duration was set at 10 ns. Long-
pass filter with a cutoff wavelength at 630 nm was used to
reduce the background noise due to scattering. The image in
the axial or radial cross sections, which indicate the instan-
taneous mixing processes, were digitized using a Sierra Sci-
entific CCD camera that was synchronized with the laser pulse
through a specially designed computer-controlled time-delay
system.

Results and Discussions
Computational Results

Effects of Momentum-Flux Ratio

Figure 4 shows the results of o as a function of momentum-
flux ratio for a six-slot geometry (n = 6), with a slot aspect
ratio of 4. The corresponding predicted velocity vector plots
and the isotherm contours (at 100 K interval) at the symmetry
plane are shown in Figs. 5 and 6, respectively. Figures 5 and
6 show that at low J, penetration is limited and colder fluid
is confined to the wall region, and that the degree of pene-
tration increases with J. However, as a critical momentum-
flux ratio is exceeded, a recirculation region starts to form in
the upstream of the impinging jets that results in overpene-
tration and undesirable upstream mixing, and consequent
blockage effects. In this case, the radial temperature distri-
butions at the downstream section is now reversed (for the
overpenetration case), i.e., the colder fluid is in the center
region. Figure 4 shows two minimum points of o+ one point
atJ = 10, and the other is at J > 64 (not shown in this figure).
For J > 10, overpenetration occurs and is indicated by dashed
line.

From the analysis of gas turbine dilution aerodynamics,
Holdeman et al.”#22-2¢ have shown that temperature distri-
butions are similar when J and orifice spacing are coupled,
and that optimal mixing in a can ensues the following expres-
sion:

n = (wV2/C) )

15

13 4

11 4 - -~

o (%)

T T T
0 20 40 60

J (n=6, SAR=4)

Fig.4 Effect of Jon o, for n = 6 and SAR = 4. Dashed line indicates
overpenetration.

and the optimal momentum-flux ratio is

J = (C,/m)¥2 3)
where C = 2.5 is an experimentally determined constant.
When Eq. (3) was plotted in Fig. 10, good agreement with
the square-orifice case prevailed, in spite of the neck and
expansion of the cross section. For slotted orifices, however,
Eq. (3) needs to be modified by scaling down the constant C
with respect to slot aspect ratio.

Effects of Number of Injection Orifices and Slot Aspect Ratios

Figure 7 shows the effect of momentum-flux ratio on o at
different straight-slot aspect ratios and number of orifices.
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Fig. 5 Velocity vector as a function of J at symmetry plane for n =
6 and SAR = 4.

The results show that the optimal configuration changes with
the slot aspect ratios and with the number of injection orifices.
The o, curves show a similar trend in these figures; some
cases show that the lowest o, values are obtained in the
overpenetration region (dashed line) at large J. The over-
penetration is always accompanied by upstream mixing and
high pressure losses, which is not desirable for combustor
applications.

Figure 8 shows the stagnation pressure drop across the com-
bustor chamber as a function of momentum-flux ratio at dif-
ferent straight-slot aspect ratios and numbers of orifices. The
results show that pressure drop is primarily a function of
momentum-flux ratio and increases almost linearly with J.
The pressure drop seems to decrease slightly with increasing
orifice number. In other words, AP is weakly dependent on
n, especially when the aspect ratio is close to one.

Optimal Design

While the momentum-flux ratio has the most substantial
effects on mixing performance, the optimal momentum-flux
ratio required to achieve maximum mixing performance was
found to be a strong function of a given configuration (see
Fig. 7). Figure 9 shows the minimum o, and the associated
minimum AP plotted against the number of holes at different
slot aspect ratios. The corresponding minimum momentum-
flux ratios required to achieve minimum o at different SAR
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Fig. 6 Isotherm contour as a function of J (at 100 K interval) at
symmetry plane for » = 6 and SAR = 4.

values are shown in Fig. 10. Figure 10 shows that there is a
good agreement between the present calculation for SAR =
1 (indicated by open triangles) and by that using Eq. (3)
(dashed line). An optimal momentum-flux ratio for slotted
orifices (i.e., indicated by square, triangle, and rhombus sym-
bols in Fig. 10) can be derived as follows:

J = 0.3n%/SAR* (4)

where a = 0.4-0.5. Figures 9 and 10 demonstrate a tradeoff
between mixing performance and pressure penalty. It shows
that although o can be as low as 5.5 (see Fig. 9a), the overall
optimal condition may only be 6.5, as in the case of SAR =
4,n=8,andJ = 12.

Effects of Slanted Slots and Swirl Number

Slanted slots are expected to generate swirl and enhance
mixing. The primary zone of a conventional combustor usually
utilizes swirler for fuel/air mixing. It is interesting to know
the effects due to these swirling flows. Therefore, a 30-deg
slanted-slot case and a straight-slot case with a solid body
rotation prescribed at the inlet (swirl number = 1, excluding
the pressure thrust term) are compared with the nonswirling
case; all cases have the same number of orifices (n = 12} and
aspect ratio (SAR = 4). Because the performance of the
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Fig. 7 Effect of J on o at different n values. SAR = a) 1, b) 2, ¢)
3, and d) 4.

isotropic k-¢ model may be limited in strongly swirling flows,?’
the current study should be treated as qualitative.

Figure 11 shows the effects of momentum-flux ratio on o,
and AP forn = 12 and SAR = 4 for different slot geometries.
All swirling flows (indicated by triangular and square symbols)
have significantly higher o for practical momentum-flux ratio
ranges and higher pressure loss compared to the mixing per-
formance without swirling flow (indicated by circular sym-
bols). This is probably due to the penetration impedance and
diversion that the jets suffered from the swirling flow. Also,
concentric counter-rotating flow patterns were observed for
the two swirling flow cases shown in Figs. 12 and 13. These
figures show that while the slanted-slot cases have a stronger
swirling velocity at the outer region (Fig. 12b), the straight-
slot cases with swirling crossflow have a stronger swirling
velocity in the center region (Fig. 13b).

Effects of Neck-Down Ratio

Figure 14 shows the effects of neck-down ratio on o, and
AP at two different expansion sections for J = 24, n = 8,
and SAR = 4. The results indicate that necked-down section
does not necessarily enhance mixing (Fig. 14a), but produces
structural blockage, raising the pressure penalty (Fig. 14b).
The present results are similar to those reported by Smith et

SAR=1
a)
AP
b
()
o
d) J

Fig. 8 - Effect of J on AP at different n values. SAR = a) 1, b) 2, ¢)
3, and d) 4.

al.>® Smith et al. found that neck-down sections did not alter
the dimensionless mixing significantly, except that it made the
region physically smaller and increased the pressure drop.
Two different expansion sections are also compared in Fig.
14. One has a larger diffuser angle (D,.,, = 7) than the other
(D\... = 6). The effect of the diffuser angle was not very
significant for the cases studied; either the separation flow
was not yet dominant or it was suppressed by the axisymmetric
constants of the sectional computation domain.?” Pressure
drop across the jet inlets and the exit is also larger than that
calculated.

Experimental Results

Figures 15a, 15b, and 15c show the pulsed PLIF images at
both axial and radial (xD = 0 and x/D = 0.5) sections,
respectively, for an overpenetrating case with J = 32, n =
8, and SAR = 4. Figure 16 shows the results of the under-
penetrating case withJ = 6,1 = 8, and SAR = 1. The results
show that despite the large eddy structures that dominate the
mixing process (mainly due to the low-flow Reynolds number
used in the present experiment), the general features of over-
and underpenetration and jet mixing are clearly visible. In
other words, the experimental results again demonstrate that
the momentum-flux ratio is the most significant flow variable
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affecting mixing performance (Figs. 15a, 15b, 16a, and 16b).
Information of the instantaneous scalar mixing processes is
also given in these pulsed PLIF results. These figures also
indicate that there is a good agreement between the general
flow characteristics depicted by the instantaneous PLIF im- c) $
ages (Flgs: 15band 16b) and the. time-averaged computational Fig. 12 Flow characteristics of the slanted-slot cases: a) axial and b)
results (FlgS. 5f and 5b), despite the low Reynolds number radial isotherm contours at x/D = 0, and ¢) radial velocity vector plots

used in the present experiment. However, long-exposure or at x/D = 0.5.
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Swirling Cross Flow

Fig. 13 Flow characteristics of the straight-slot cases with imposed
swirling crossflows: a) axial and b) radial isotherm contours at x/D =
0, and c) radial velocity vector plots at x/D = 0.5.
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Fig. 14 The effects of neck-down ratio on o, and AP at different
D,... values for /] = 24, n = 8, and SAR = 4,

a)

c)
Fig. 15 Images of the flow visualization results for an over-pene-
trating case with J = 32, n = 8, and SAR = 4: a) radial section at
the jet centerline (x/D = 0), b) axial section with flow direction from
top to bottom, and c) radial section at half the diameter downstream
x/D = 0.5).

B-B

a)

c)
Fig. 16 Images of the flow visualization results for an underpene-
trating case with / = 6, H = 8, and SAR = 1: a) radial section at
the jet centerline (x/D = 0), b) axial section with flow direction from
top to bottom, and c¢) radial section at half the diameter downstream
(x/D = 0.5).
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multiple shots are needed to obtain a qualitative comparison
between the experimental results and the computational model.

Conclusions

A parametric study of the effects of the jet-to-mainstream
momentum-flux ratio, the number of orifice, neck-down ratio,
swirling crossflow, and slot aspect ratio on the penetration
and mixing of radial jets in necked-down cylindrical crossflow
was performed, and we draw the following conclusions:

1) Although the momentum-flux ratio has the most pro-
nounced effects on mixing performance, the optimal jet-to-
mainstream momentum-flux ratio J required to achieve max-
imum mixing performance is different for each configuration.

2) There is a tradeoff between mixing effectiveness and
pressure penalty. Also, the pressure drop is primarily a linear
function of J.

3) The optimal configuration changes with number of ori-
fices and slot aspect ratio.

4) The correlation for optimal mixing proposed by Holde-
man et al.>® for circular dilution holes was found to be also
applicable for square orifices in a tubular RQL geometry, but
needs to be modified for rectangular or slanted slots.

5) An empirical optimal mixing correlation was developed
for slotted orifices.

6) Swirling flow does not improve mixing or pressure loss.

7) Neck-down section does not necessarily enhance mixing,
but produces structural blockage, raising the pressure penalty.

8) There is good agreement between the computational and
qualitative experimental results.
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