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An axisymmetric burner for the study of compressible reacting shear layers is described, and the ranges of its
operating parameters are analyzed. This burner has a central supersonic freejet of resistively heated air,
surrounded by a low-speed co-flow of fuel-rich H-air combustion products. Planar laser-induced fluorescence
imaging of OH is used to visualize the structure of the annular reacting shear layer in the near field of the jet.
Images from two cases with convective Mach numbers of 0.11 and 0.41 are presented and discussed in terms of
previously reported results for nonreacting compressible shear layers. Observed effects of compressibility on the
structure and growth rate of the reacting annular shear layer are similar to effects reported in nonreacting flows.
Results from a compressible ‘‘lifted’’ flame and from the reaction zone at the boundary of an underexpanded

jet are presented.

Introduction

N supersonic combustion one expects the structure and

growth rate of a turbulent shear layer to be influenced by
compressibility and heat release. Dimotakis' has reviewed
much of the data on the separate effects of compressibility and
heat release on shear layer structure. It has been well estab-
lished, experimentally, that compressibility reduces the growth
rate of nonreacting turbulent free shear layers.?”” The convec-
tive Mach number?® has been shown to be a parameter that
collapses much of the available data on compressible shear
layer growth. Experiments have also shown that turbulence
levels and Reynolds stresses decrease as the convective Mach
number increases.’® Numerical studies'®!? have predicted in-
creased stability and reduced growth rates when the velocity
difference between the two mixing streams is comparable to or
greater than the speed of sound. In particular, the two-dimen-
sional Kelvin-Helmholz instability, which leads to the large-
scale spanwise vortical structures observed by Brown and
Roshko!® and others, becomes less important. Three-dimen-
sional instabilities become dominant, producing oblique struc-
tures in the shear layer, as reported by Sandham and Rey-
nolds.!* The influence of these oblique structures on entrain-
ment of fluid into the layer has been studied numerically by
Chen."> Conserved scalar statistics from these simulations sug-
gest that fluid is engulfed into the layer in several small steps,
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rather than in one continuous motion. The increased three
dimensionality predicted by the numerical studies of nonreact-
ing planar shear layers has been confirmed by the experiments
of Fourguette et al.!é and Clemens and Mungal.!’

For low-speed, incompressible turbulent shear layers, exper-
imental'®!® and computational?>?! studies have shown that
heat release from chemical reactions within the layer causes a
small reduction in the growth rate. The combined effect of
compressibility and heat release on the turbulent mixing pro-
cess is an important research area in the context of supersonic
combustion. Shin and Ferziger?? have investigated the stability
of a compressible reacting mixing layer. However, few experi-
mental studies on supersonic combustion have been com-
pleted, and much remains to be learned about the combined
effects of compressibility and heat release on the structure and
growth of turbulent mixing layers.

In addition to the fluid dynamic effects of compressibility
and heat release on the structure of compressible reacting
flows, the effects of competition between high turbulent mix-
ing rates and finite chemical reaction rates in supersonic
flames (the effects of a low Damkdhler number) are an impor-
tant issue. Magre and Dibble?* and Barlow et al.?* have quan-
tified the effects Damkohler number on temperature depres-
sion and OH superequilibrium in subsonic hydrogen jet
diffusion flames. Mungal and Frieler? investigated the influ-
ence of the Damkohler number on product formation rates in
a subsonic planar turbulent reacting shear layer. Results of
these studies have shown that finite-rate chemistry effects
correlate well with a Damkohler number based on the local,
large-scale strain rate or mixing time. Kerstein? has investi-
gated mixing and reaction in turbulent shear layers using a
linear eddy model and has reported that product formation
scales with a Damkg&hler number based on the large eddy time.
However, again, there is little experimental data available on
the effects of finite-rate chemistry in supersonic combustion
environments.

This paper reports the first results of an experimental pro-
gram to investigate the effects of the convective Mach number
and of the Damkdohler number (ratio of chemical reaction rate
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to turbulent mixing rate) on the structure of reacting turbulent
shear layers. The burner developed for the present study con-
sists of an unconfined supersonic round jet of heated air,
surrounded by a low-speed co-flow of fuel-rich combustion
products from a flat flame of premixed hydrogen and air. In
the near field of the jet there is a reacting mixing layer between
the supersonic potential core of the jet and the co-flowing gas.
Planar laser-induced fluorescence (PLIF) imaging of OH is
used to visualize the structure of this annular reaction zone.
In the following sections the design of the burner is out-
lined, and the ranges of certain operating parameters are ana-
lyzed. Some aspects of the practical operation of the burner
are discussed, and the results of PLIF imaging experiments are
presented for a selected set of conditions that begin to illumi-
nate the effects of the convective Mach number and the
Damkdhler number in compressible reacting shear layers.

Axisymmetric Burner Design

The choice of an axisymmetric burner represents an exten-
sion of ongoing experiments at Sandia on the structure of
subsonic turbulent hydrogen jet flames?32427 and on the struc-
ture of compressible nonreacting jets.!%?® This geometry al-
lows application of laser diagnostics without the complication
of wall effects and windows. The axisymmetric geometry also
allows for a relatively simple facility that utilizes existing flow
capacities for compressed air, hydrogen, and exhaust. The
burner, shown in Fig. 1, consists of an interchangeable central
nozzle surrounded by a large-diameter, premixed, flat-flame
burner. This device can be operated with either air or hydro-
gen as the central, high-speed jet fluid. By using air in the
central jet, the hydrogen flow requirement of the device and
the heat load to the exhaust system are reduced significantly
for a given nozzle diameter. The flame length is also reduced
substantially because the flame ends when entrainment and
combustion of the flat-flame products is complete.

Temperature-controlled process gas heaters are used to re-
sistively heat the air for the central jet to a maximum stagna-
tion temperature of 870 K. The house compressor system
delivers air at sufficient pressure to operate the central jet up
to an exit Mach number of 2. In the present experiments a
Mach 1.5 converging-diverging nozzle and a simple converg-
ing nozzle (for subsonic cases) are used. The throat diameter
of each nozzle is 8 mm, which represents a compromise be-
tween the capacity of the flow facilities for continuous opera-
tion and the desire to obtain the largest practical flowfield
dimensions. The temperature of the air flow is measured using
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Fig. 1 Burner design for axisymmetric, supersonic combustion ex-
periments.

a thermocouple located near the centerline of the air plenum
below the nozzle. Pressure is also measured in the air plenum.
The Mach number in this air plenum is ~0.1, and the mea-
sured temperature and pressure are taken as stagnation condi-
tions.

The flat-flame burner that surrounds the central nozzle uses
a porous ceramic disk to stabilize a premixed hydrogen-air
flame. The top surface of the ceramic is flush with the nozzle
exit. The inner plenum wall of the flat flame burner is sepa-
rated from the hot central tube by a gap that is loosely packed
with ceramic insulation and purged with a low flow rate of
nitrogen. Flow rates of air and hydrogen supplied to the
premixed flame are measured using sonic nozzles. With air as
the central jet fluid, the premixed flame is operated fuel-rich,
and the excess H, reacts with the central air at the boundary of
the jet. In the near field of the jet, where there is still a
potential core, reaction occurs in an annular shear layer be-
tween the high-speed air and the low-speed co-flowing gases.
This reacting turbulent shear layer is the focus of the present
study.

The flat-flame burner can be operated in a standby mode by
adding a small flow of methane to the hydrogen-air mixture.
The methane causes the fuel-rich premixed flame to lift off the
ceramic surface, allowing the ceramic to stay cool between
image acquisition events. The flame remains attached at the
outer rim of the ceramic disk, where the premixed flame meets
the diffusion flame that forms between the fuel-rich mixture
and the ambient air. To obtain the PLIF images, the methane
is turned off for a few seconds, causing the premixed H,-air
flame to burn at the ceramic surface.

Operating Parameters of the Burner

The burner described in the preceding section allows for a
variation of the Mach number of the central air jet (by chang-
ing nozzles), the temperature of the air jet, and the tempera-
ture and composition of the outer, low-speed flow. In the
following analysis, relationships for nonreacting planar shear
layers are used to estimate the range of convective Mach
numbers that can be investigated using this burner. In addi-
tion, the width of the shear layer in the near field of the jet and
the equivalence ratio of the mixed fluid within the shear layer
are estimated from relationships for nonreacting flows.

Relationships for planar shear layers are used because there
is a significant body of experimental for planar shear layers
and comparable correlations for annular shear layers could
not be found. One might expect some structural differences
between planar and annular shear layers, due to the azimuthal
instability modes that exist for the annular case. Tam and
Hu? have identified three families of instability waves in high-
speed jets. Their results suggest that only the Kelvin-Helm-
holtz instability would be active in the present subsonic and
low supersonic flows. However, experiments have shown that
azimuthal structure can appear quite early in the development
of the annular shear layer in the near field of a jet (see, for
example, Fig. 12 of Fourguette et al.'® and Fig. 10 of Samimy
et al.%%),

The convective velocity U, is determined by matching isen-
tropic recovery pressures of fluids from the two streams meet-
ing at an interface within the shear layer (a stagnation point in
the convective frame of reference), such that
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where U, a, and v are the velocity, speed of sound, and ratio
of specific heats of the two streams, respectively, and the
subscripts 1 and 2 refer to the high-speed side and low-speed
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side, respectively. Convective Mach numbers are then calcu-
lated as
M, =YY YA ) @
a a

To evaluate the operating range of the convective Mach
number for the present burner, we first consider the properties
of the product gas stream above the premixed flat flame.
Figure 2 shows the variation with equivalence ratio ¢, of the
adiabatic equilibrium properties of this low-speed stream.
(There is some heat loss to the burner surface; however, the
adiabatic assumption is sufficient for estimating the range of
operating parameters.) For fuel-rich hydrogen-air combus-
tion, molecular weight decreases rapidly with increasing equiv-
alence ratio. The decrease in molecular weight offsets the de-
crease in temperature, such that the density p, and the speed of
sound a; of the low-speed stream are relatively weak functions
of ¢,. Consequently, the convective Mach number of the an-
nular shear layer in the near field of the jet is insensitive to ¢,
and depends primarily on the properties of the central air jet.

Figure 3 shows convective Mach number M, vs the stagna-
tion temperature of the air stream for three values of the
air-side Mach number (M, =1.5, 1.7, and 2.0) and an equiva-
lence ratio of ¢,=35 in the low-speed stream. The convective
Mach number increases as the temperature and/or the Mach
number of the high-speed air increase. With the present burner
design, we can obtain convective Mach numbers up to ~0.54
when air is the central jet fluid. Convective Mach numbers up
to 0.80 could be reached by using a mixture of 20% oxygen in
helium as the central jet fluid.

The spreading rate of a planar incompressible turbulent
mixing layer, based on a correlation of experimental measure-
ments of the visual thickness, is given by Papamoschou?® as

& 0.17(1-r)(1+Vs) 3
x 1+rVs ®
where r = U,/Uj is the velocity ratio and s = p,/p, is the den-

sity ratio for the two streams. The ratio of compressible to
incompressible shear layer growth rates can be estimated using
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Fig.2 Properties of the Hz-air products above the flat flame as
functions of the equivalence ratio ¢, assuming adiabatic equilibrium.

the following expression from Dimotakis!:

525(1 ~fue Mt fo,  fu=0.2 “
1

Equations (3) and (4) are combined to estimate the shear layer
growth rate in the absence of heat release effects. As for the
convective Mach number, the estimated growth rate §/x is
relatively insensitive to ¢, and depends primarily on the Mach
number and the temperature of the high-speed airstream. Av-
erage widths of OH fluorescence images of the reacting shear
layer are compared later with estimates of the shear layer
width based on Eqs. (3) and (4).

The volumetric entrainment ratio E, (high-speed fluid vol-
ume divided by low-speed fluid volume) is important because
it determines the stoichiometry of the mixed fluid within the
shear layer. This entrainment ratio for incompressible shear
layers can be expressed as!

E =5"[1+0.68(1-r)/(1+7r)] 5)

Dimotakis! has suggested a possible modification to Eq. (5) to
account for the effect of compressibility on the entrainment
ratio. However, in the absence of experimental data on the
entrainment ratio for compressible shear layers, we will use
the incompressible form shown earlier. The equivalence ratio
¢ of the mixed fluid within the shear layer is calculated from
the volumetric entrainment ratio, the density ratio, and the
mass fraction of H, in the low-speed stream:

(s/E)) Y2
0.0292

where 0.0292 is the stoichiometric H,-air mass ratio. Products
of combustion other than the excess molecular hydrogen in the
low-speed stream are treated as diluents for the purpose of this
calculation.

Figure 4 shows ¢, vs ¢, with the stagnation temperature of
the high-speed airstream as a parameter for the case where the
Mach number of the airstream is 1.5. The important result
here is that the burner can be operated at conditions where the
equivalence ratio of the mixed fluid in the shear layer is near
unity. This has two useful consequences. First, we can expect
OH fluorescence to be a good qualitative marker of the mixed
(and reacted) shear layer fluid because the OH radical concen-
tration in hydrogen flames peaks near the stoichiometric con-
dition, and high OH concentrations occur over a relatively
broad range of the equivalence ratio. In turbulent diffusion
flames the stoichiometric contour is often separated from the
center of the shear layer. This separation of the reaction zone
from the turbulent shear layer has been observed in numerous
experiments investigating the near field structure of turbulent
jet diffusion flames. The same condition can be expected to

¢ = ©)

06
]

o4 T 11
PeT —

My

1
300.0 600.0 900.0
T().l (K)

Fig. 3 Convective Mach number M, 1 vs stagnation temperature 7y 1
of the air for jet Mach numbers of M;=1.5, 1.7, and 2.0, with an
equivalence ratio in the outer low-speed flow of ¢>=5.
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Fig. 4 Equivalence ratio ¢; of the mixed fluid in the shear layer vs ¢2

for a Mach 1.5 jet with stagnation temperatures of To,1 =300, 500,

700, and 900 K.

prevail for non-premixed Hj-air combustion in turbulent shear
layers when the fuel side is pure hydrogen. In such flames OH
fluorescence may be a good marker of the reaction zone, but
OH images may not provide a good indication of the structure
of the shear layer. The second useful consequence of the
results in Fig. 4 is that the equivalence ratio ¢, can be varied
from lean to rich to investigate the effects of the mixed fluid
stoichiometry on the structure of the shear layer. Because the
convective Mach number is relatively insensitive to ¢,, this
variation of the mixed fluid equivalence ratio can be carried
out with the convective Mach number being held nearly con-
stant.

Apparatus and Procedures for PLIF Imaging

The apparatus for PLIF imaging of OH is shown schemati-
cally in Fig. 5. The 532-nm output of a pulsed, doubled
Nd:YAG laser pumps a tunable dye laser. The dye laser beam
is doubled into the uv to excite the AZL — X7II(1-0) Q,(8)
transition of OH near 283 nm. The uv beam is formed into a
vertical sheet ~3 cm high and directed through the centerline
of the jet. Fluorescence is imaged using reflective optics onto
an intensified Photometrics CCD array. An interference filter
(313 nm center wavelength, 10 nm width) is mounted in front
of the image intensifier and transmits (1-1) fluorescence. Im-
ages are acquired onto a computer using software developed
by Long.}! The width of the laser sheet is ~150 u near the
center of the image frame and remains below 200 u across the
portion of the flowfield that includes the reaction zone. This
sheet width is not sufficient to resolve all the scales in the flow.
However, this limitation on spatial resolution is not a signifi-
cant issue for the present exploratory work because we are
primarily interested in characterizing the operating parameters
of the burner and investigating the effects of compressibility
on the structure of reacting shear layers at the largest scales.

The collection lens and CCD array are positioned to pro-
duce an object to image magnification of 0.64, so that a 13.7
mm X 20.5 mm region of the flow is imaged. This corresponds
to a 1.7D x 2.5D frame, where D is the exit diameter of the
nozzle. Vertically and horizontally oriented images are ob-
tained by rotating the camera. For both orientations the verti-
cal center of the image is 38 mm, or 4.8 diam above the nozzle
exit. Figure 6 shows the locations of the image frames relative
to the nozzle. The vertical frame includes one side of the
annular shear layer, with the low-speed fluid on the left side of
the reaction zone and the high-speed air on the right. The
horizontal frame includes the reaction zones on both sides of
the annular shear layer and gives an indication of the relative
widths of the reaction zone and the potential core of the jet.

Results and Discussion
When a Mach 1.5 nozzle was operating at the calculated
matched pressure condition with static temperatures of ~ 500
K in the supersonic air jet, stable attached flames (annular
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Fig. 5 Apparatus for PLIF imaging of OH in the supersonic reacting
flows.
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Fig. 6 Diagram of vertical and horizontal image orientations.

réaction zones) were observed for equivalence ratios up to
¢,=6.5 in the premixed flat flame. For an equivalence ratio of
¢,=6.75 in the low-speed stream, both visual observations
and OH fluorescence images revealed a “‘lifted” flame struc-
ture, indicating that turbulent mixing rates exceeded chemical
reaction rates in the early part of the shear layer. Based on
these observations, sets of OH fluorescence images were ob-
tained at four operating conditions. Flow parameters for the
first three cases are summarized in Table 1. The values listed
in Table 1 for the convective Mach number, the shear layer
thickness, and the mixed-fluid equivalence ratio are based on
Eqgs. (1-6), the equations and correlations for nonreacting
planar shear layers, and are included here as estimates of the
properties of the reacting shear layer. Note that a local strain
rate ¢ and time scale 7q0w, based on the velocity difference and
the shear layer thickness at the center of the image frame (x =
38 mm), are tabulated. The Reynolds numbers in Table 1 are
based on the velocity difference between the central jet and the
co-flow, the calculated shear layer thickness, and the average
of the viscosities of the two streams:

U —- U)o

T+ )2 ™

R es

Here, the air viscosity », is evaluated at the calculated static
temperature of the jet, and », is evaluated at the adiabatic
equilibrium temperature for the listed H,-air equivalence ra-
tio.

Cases A and C are compressible flows with equivalence
ratios on the low-speed side of ¢,=5.0 and 6.75, respectively.
Case B is an incompressible flow with a subsonic central jet
issuing from a simple converging nozzle and with the same flat
flame equivalence ratio as that in case A. The stagnation air
temperature is lower in case B than in case A; thus, the static
temperature on the high-speed side of the shear layer is nearly
the same for the two cases. This facilitates direct comparison
of the compressible and incompressible flows.

The fourth operating condition had an underexpanded cen-
tral air jet. This case was considered to determine whether the
shock structure of the underexpanded jet caused any observ-
able change in the structure of the reacting shear layer. Be-
cause of the presence of shocks, however, there is not a simple
way to calculate the properties of the high-speed side of the
shear layer; thus, we have not included this case in Table 1.
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Table 1 Experimental flow conditions?

Case A Case B Case C
Description supersonic, subsonic, supersonic,
attached attached lifted
M, 1.5 0.4 1.5
To,1, K 745. 522, 715.
Po,1, kPa 379. 112.9 370.
T1, K 514, 506. 493,
U, m/s 681. 180. 667.
a1, m/s 454. 451. 445.
v1, m2/s 3.95x10-5 3.87x10-3 3.70x10-5
@2 5.0 5.0 6.75
(mol wt) 11.5 11.5 9.58
T2, K 1400. 1400. 1210.
Uz, m/s 2.1 2.1 2.2
v2, m2/s 4.65x10~4 4.65%x10-4 4,17 %x10-4
YH2,2 0.103 0.103 0.132
M1 0.413 0.108 0.401
r=Uy/U; 0.003 0.012 0.003
s =p2/p1 0.146 0.143 0.135
Ox =38 mm, MM 6.0 8.5 6.1
Ox=38 mm, S~ 1.1x10° 0.2x105 1.1x10°
Tilows US 9.1 50 9.1
E, 0.639 0.629 0.615
s 0.81 0.80 0.99
Res 16,400 6,000 17,900

“Properties of stream 2 are based on the assumption of adiabatic equilibrium
above the premixed flame.

Differences Between Compressible and Incompressible
Reaction Zones

We first consider cases A and B. Sets of six OH fluorescence
images for each of these two cases are included in Figs. 7 and
8. The images suggest that there are significant structural
differences between the compressible and incompressible re-
acting shear layers, even though the convective Mach number
for the compressible case is a modest 0.41. The images in Fig.
8 of the incompressible reaction zone, which has a convective
Mach number of 0.11, are characterized by a few large patches
of reacting or reacted fluid that are often linked by thin
filamentary structures (flame sheets). These characteristics are
reminiscent of the large-scale vortex and braid structures that
have been well documented in low-speed planar mixing layers.
The compressible reaction zone (Fig. 7) appears to be less
organized, and the thin connecting structures or flame sheets
are much less prominent. The qualitative differences between
the compressible and incompressible reaction zones observed
in the present work are analogous to the effects of compress-
ibility on nonreacting shear layer structure reported by
Clemens, et al.” and Clemens and Mungal.!?

A second important difference between the incompressible
and compressible cases is that the compressible reaction zone,
as visualized by OH fluorescence, is narrower than its incom-
pressible counterpart. This effect was quantified by obtaining
average images of 150 shots and determining the widths of the
average OH fluorescence profiles. Figure 9 shows profiles of
the averaged fluorescence intensity for the two cases. These
profiles were obtained by integrating the average images in the
vertical direction over a narrow region (Ax =1 mm) near the
center of the image frame (x =38 mm). The 10% intensity
level is used to determine the visual width 8oy, which is 5.9
mm for the compressible case and 8.7 mm for the incompress-
ible case. These values are comparable to the widths calculated
from Egs. (3) and (4), which are 6.0 and 8.5 mm for cases A
and B, respectively.

It is important to point out that for H,-air combustion, in
general, there is not necessarily a direct connection between
the width obtained from OH images and the shear layer width
determined from velocity measurements or sampling probe
measurements of the mean scalar profile. This is because the
reaction zone, where OH concentrations are high, is often
separated from the high shear region of the mixing layer. As
discussed earlier, we can expect OH fluorescence to be a

Fig.7 OH fluorescence images from case A compressible reacting
shear layer (M. 1=0.41). Location in the flow is shown in Fig. 6.

Fig. 8 OH fluorescence images from case B incompressible reacting
shear layer (M;,1=0.11). Location in the flow is shown in Fig. 6.

reasonably good marker of the shear layer in the present study
because the operating conditions of the burner can be selected
to give an estimated equivalence ratio ¢, of the mixed fluid in
the shear layer that is near the peak OH condition. This
equivalence ratio is the same for both cases A and B (¢; =0.8).
Therefore, although the exact relationship between doy and a
velocity thickness (or conserved scalar thickness) is not
known, the OH images provide useful information on shear
layer growth and the relative widths for incompressible and
compressible flows.

The results on visualized shear layer structure and thickness
suggest that the effects of compressibility on the structure and
growth rate of reacting shear layers are similar to the effects of
compressibility on nonreacting shear layers. However, we
must consider the possibility that the observed differences
between cases A and B may be due, in part, to Reynolds
number effects. Goebel and Dutton®? reported that a fully
developed state was not reached in their supersonic mixing
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layers until the local Reynolds number based on velocity thick-
ness exceeded 100,000. The local Reynolds number listed in
Table 1 for case A is 15,700. The Reynolds number for the
incompressible case is only 6000 in the present study, and the
shear layer observed in the near field of this flow may not have
progressed sufficiently beyond the mixing transition to allow
useful comparison with compressible flows at higher Reynolds
numbers. Experiments that consider compressible and incom-
pressible flows over a range of local Reynolds numbers that
extends to higher values than those achieved in the present
exploratory study will have to be conducted before conclu-
sions can be drawn regarding the relative contributions of
compressibility and Reynolds number effects to the observed
differences between flames A and B.

Images (not included here) with the horizontal orientation
of Fig. 6 show that the width of the core between the visual-
ized reaction zones is typically 8-10 mm for the compressible
case and that there is no consistent correlation (positive or
negative) between structures on the two sides of the images.

Supersonic Lifted Flame

Images for case C are presented in Fig. 10 and show a
reaction zone structure analogous to a lifted flame, but with
the fuel on the outside of the jet rather than on the inside. The
convective Mach number in this shear layer is nearly equal to
that for case A (0.401 calculated for case C vs 0.413 for case
A). The major difference between the flow conditions for the
two cases is that the equivalence ratio of the low-speed stream
has been increased from ¢,=5.0 to ¢,=6.75. The resulting
change in the properties of the low-speed stream can affect the
reacting shear layer in several ways. As shown in Fig. 2 and
Table 1, the adiabatic flame temperature of the low-speed
stream drops from 1400 K for case A to 1210 K for case C.
Because the equilibrium concentrations of radicals are quite
sensitive to temperature, one can expect the radical concentra-
tions in the low-speed stream to decrease significantly with this
drop in temperature. Radicals from the low-speed stream may
contribute to the stability of the case A flame, and the reduc-
tion of radical concentrations in case C may lead to the ob-
served lifted flame condition. The equivalence ratio of the
mixed fluid in the compressible shear layer also changes. Our
estimates show an increase from ¢,=0.8 to ¢, =1.0 going
from the attached flame to the lifted flame, which suggests
that the mixed fluid should be more reactive. However, the
temperature of the mixed fluid (assuming no reaction between
the unburned H, and the air) is lower for case C (~780 K)
than for case A (~ 840 X).

The competition between turbulent mixing rates and chemi-
cal reaction rates can be characterized in terms of a Dam-
kohler number,

Da = 7.ﬂow/T':hem (8)

where 7nq 18 a characteristic time scale for turbulent mixing,
and 7. IS @ characteristic time scale for chemical reactions.

BOH =59 mm

—

Case A, Mc=0.41

| EOH =8.7 mm .

Case B, Mc=0.11

Fig. 9 Profiles of OH fluorescence intensity from averages of 150
images from cases A and B. Dashed lines approximate the overlapping
profiles from each side of the annular shear layer.

Finite-rate chemistry effects are expected to become signifi-
cant when the appropriately defined Damkéhler number ap-
proaches unity. Previous studies?*?* have used the large-eddy
turnover time (or, equivalently, the inverse of the large-scale
strain rate) to characterize turbulent mixing. In the present
work the corresponding mixing time can be expressed as

_ o
(WU -y

where & is the shear layer thickness from Egs. (3) and (4). An
appropriate chemical time scale for the consideration of ex-
tinction or liftoff phenomena in turbulent reacting flows is the
residence time at the extinction limit for a perfectly stirred
reactor (PSR) calculation. For the supersonic lifted flame
shown in Fig. 10, the shear layer width & was evaluated at
x =38 mm (the center of the image) to give a mixing time of
Taow=9.2 us. Chen®? recently developed a PSR code that al-
lows specification of two inlet streams, and this code was used
to determine the extinction limit 7.em. One of the PSR inlet
streams was specified as air at the static temperature T, =493
K, and the second inlet stream was specified as having the
composition of the low-speed fluid, assuming adiabatic equi-
librium and including radical concentrations. The flow ratio
for the two streams was based on the shear layer entrainment
ratio from Eq. (5), as listed in Table 1. The calculated resi-
dence time at extinction was Teem=10 us. Hence, the
Damkohler number calculated from the large-scale strain rate
and the PSR extinction limit of the mixed fluid is near unity
for the lifted flame in case C.

Both 70w and 7hem are based on estimates; thus the result of
Da =1 for this lifted flame is somewhat fortuitous. Neverthe-
less, this result for the local Damkdhler number in compress-
ible reacting flows is consistent with the notion that the large-
scale mixing time is the appropriate fluid dynamic time scale
for characterizing turbulence-chemistry interactions in shear
flows. An alternative would be to use the Kolmogorov time
scale. However, scaling laws for fully developed turbulence
give a Re;” relationship between the large-scale mixing time
and the Kolmogorov time scale. Therefore, a Damkohler
number based on the Kolmogorov scale in this Re;=17,900
flow would be approximately 7 x 10~3, which would suggest
inappropriately that mixing times are two orders of magnitude
faster than needed to produce significant turbulence-chem-
istry interactions. Experiments on incompressible reacting

®

— 1
Tilow = 0

Fig. 10 OH fluorescence images from the case C compressible
““lifted’’ flame (M,,1=0.40; Da =1). Location in the flow is shown in
Fig. 6.
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flows2425 support the same conclusion regarding the use of the
large-scale mixing time in forming the Damkéhler number.

This result of a near-unity local Damkdhler number is in-
triguing because it suggests the possibility of predicting the
regimes of stable combustion in compressible reacting flows
by combining correlations from nonreacting flows with rela-
tively simple PSR calculations. The situation is not so simple,
since the Damkohler number calculated for the stable attached
flame in case A is also near unity. The large-scale mixing times
are nearly equal for cases A and C, and the PSR extinction
limit for case A is 9 us, which is not significantly lower than
the 10 us calculated for case C. The implicit assumption in the
simple formulation of the Damkohler number used here is that
the shear layer can be treated as a homogeneous reactor. The
fact that the estimates of the Damkdshler are near unity for
both the lifted and the attached flame suggests that this simple
model is useful but is not complete. The stability of a reacting
shear layer, with respect to liftoff and blowout, is expected to
depend on freestream conditions and conditions in the
flamesheets at the boundaries of the shear layer, as well as
conditions within the mixed fluid. (These comments regarding
the approximate nature of the Damkdhler number calculation
apply equally to incompressible reacting flows.) Additional
experiments will be required to investigate the importance of
various parameters that affect the stability of compressible
reacting shear layers in this axisymmetric geometry.

Reaction at the Boundary of an Underexpanded Jet

In supersonic cases A and C, the central jet was operated at
the matched pressure condition to produce a flow that was
free of strong shocks. Images of the reacting shear layer were
also obtained for the case of an underexpanded central jet.
This flow is of interest because the barrel shock structure of
the underexpanded jet constitutes a perturbation of the react-
ing shear layer, and the identification of mechanisms that can
enhance mixing rates in compressible reacting flows is an area
of active research.

The supersonic burner was operated with an air stagnation
pressure of 500 kPa and a stagnation temperature of 695 X to
produce an underexpanded jet. (Ideal expansion to atmo-
spheric pressure would produce a Mach 1.7 jet, whereas the
nozzle design is for Mach 1.5.) The equivalence ratio ¢, of the
low-speed, flat-flame products was 5.0, the same as for cases
A and B. A matched jet with these conditions would have an
estimated convective Mach number of 0.44, slightly higher
than for case A. However, because of the presence of shocks,
the simple analysis to estimate shear layer properties cannot be
applied to the underexpanded jet.

Fig. 11 Ilustration of the observed cell structure of the reaction zone
surrounding the underexpanded jet and the corresponding ensemble-
averaged OH fluorescence image. The size and streamwise position of
the image frame are the same as those in Fig. 6.

Fig. 12 OH fluorescence images from the underexpanded case.

wmasese Case A

Underexpanded

Fig. 13 Comparison of ensemble-averaged OH fluorescence profiles
at x =38 mm from the underexpanded and matched cases. (The un-
derexpanded profile has been translated radially to align the peaks of
the two profiles.)

With these operating conditions a stable, attached, super-
sonic flame was observed. The radius of the luminous reaction
zone varied periodically, producing a visual appearance of
cells, as illustrated in Fig. 11. This cell structure was visible
over the full length of the luminous reaction zone, which
extended as far downstream as 200 mm (~ 25 diam). Figure 11
includes an ensemble average of 150 frames which shows a
reaction zone that bows out and back in through a gradual
curve, then quickly bends out again to repeat the pattern. This
periodic deflection of the reacting shear layer, which results
from the interaction of the reaction zone with the barrel shock
structure of the underexpanded jet, does not have a significant
effect on the large-scale turbulence structure or the spreading
rate. The instantaneous images in Fig. 12 reveal a turbulence
structure similar to that for case A (compare Fig. 7). Figure 13
compares profiles of the average fluorescence intensity in the
underexpanded and matched cases and shows that the visual-
ized reaction zone widths are the same.

Summary and Conclusions

We have described an axisymmetric burner for investiga-
tions of the effects of convective the Mach number, the Rey-
nolds number, and the Damkd&hler number on the structure,
growth rate, and stability of reacting turbulent shear layers. In
this relatively simple facility, a central freejet of resistively
heated air is surrounded by a low-speed co-flow of fuel-rich
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products from a Hy-air flat flame. An annular reacting turbu-
lent shear layer is formed in the near field of the air jet as the
hydrogen-rich products are entrained. The ranges of operating
parameters for this burner were analyzed, based on theories
and correlations for nonreacting compressible flows. This
analysis showed that the present facility can be used to investi-
gate the effects of compressibility up to a convective Mach
number of ~0.54 using air as the central jet and 0.80 using
20% oxygen in helium. Analysis also showed that this burner
can be operated to give an equivalence ratio for the mixed
fluid in the shear layer that is near unity. Consequently, heat
release occurs within the shear layer (rather that at its edge),
and OH fluorescence can be expected to be a good qualitative
marker of the fluid in the reacting shear layer. Results of OH
fluorescence imaging experiments were presented for 1) an
attached compressible flame, 2) an attached incompressible
flame, 3) a lifted compressible flame, and 4) a flame at the
boundary of an underexpanded jet. Comparison of the two
attached flames suggests that compressibility affects reacting
and nonreacting shear layers in similar ways; the growth rate
is reduced, and the organization of visualized structures into
large-scale regions (order of the shear layer thickness) con-
nected by thin ‘‘braids’’ or ‘‘flame sheets’® becomes less
prominent as the convective Mach number increases. The
Reynolds numbers for these initial experiments were relatively
low, and additional experiments at higher Reynolds numbers
will have to be conducted before firm conclusions may be
drawn.

The Damkohler number, based on the local large-scale
strain rate in the shear layer and the extinction limit for a
perfectly stirred reactor calculation, was near unity for the
lifted compressible flame. This suggests that the large-scale
strain rate rather than the strain rate at the Kolmogorov scale
is the appropriate one to use in characterizing extinction phe-
nomena in compressible reacting flows, a result that is in
agreement with earlier results for incompressible reacting
flows.

Periodic deflection of the reaction zone by the barrel shock
structure of an underexpanded jet did not produce significant
observable changes in the large-scale turbulence structure or
the width of the compressible reacting shear layer.
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