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Swept-Leading-Edge Pylon Effects on a Scramjet Pylon-Cavity
Flameholder Flowfield
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This study explores the effect of adding a pylon to the leading edge of a cavity flameholder in a scramjet combustor.
Data were obtained through a combination of wind-tunnel experimentation and steady-state computational fluid
dynamics. Wind-tunnel data were collected using surface pressure taps, static and total probe data, shadowgraph
flow visualization, and particle image velocimetry. Computational fluid dynamics models were solved using the
commercial FLUENT software. The addition of an intrusive device to the otherwise low-drag cavity flameholder
offers a potential means of improving combustor performance by enabling combustion products to propagate into
the main combustor flow via the low-pressure region behind the pylon. This study characterized the flowfield effects
of adding the pylon as well as the effect of changing Reynolds numbers over the range of approximately 33 x 10°
to 55 x 10° m~! at a Mach number of 2. The addition of the pylon resulted in approximately 3 times the mass flow
passing through the cavity compared with the cavity with no pylon installed. Reynolds number effects were weak.
The addition of the pylon led to the cavity fluid traveling up to the top of the pylon wake and significantly increasing
the exposure and exchange of cavity fluid with the main combustor flow.

Nomenclature
= cavity depth
= pylon height
cavity length
Mach number
mass flow
stagnation-tank pressure
local static pressure
reference pressure
dynamic pressure
mean flow speed
= flame speed
velocity in the positive y direction
pylon width
streamwise coordinate
vertical coordinate
cross-stream coordinate
= density
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1. Introduction

YPERSONIC flight powered by scramjet engines is an active
area of research and development today, as illustrated by the
variety of programs underway to explore this flight regime in the
United States and other countries around the world [1-5]. One
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important aspect concerns flameholding and fuel distribution.
Combustion must occur within a very short time in a scramjet
combustor. Flameholders can aid ignition and flame-spreading
within the flow by providing distributed, stable energy sources.
Wall-based flameholders (e.g., cavities) enable the engine to sustain
combustion with less drag than in-stream devices, resulting in
a shorter and lighter engine. However, wall-based flameholder
products tend to remain near the combustor wall [6]. Intrusive
devices or fuel-injection schemes near the cavity leading edge can
carry combustion products away from the cavity and into the core
combustor flow, but less is known about optimizing this combi-
nation. Motivated by previous studies at the Air Force Institute of
Technology (AFIT) and the U.S. Air Force Research Laboratory
(AFRL) [6-9], this paper discusses a combined computational and
experimental study of a pylon positioned on the upstream edge
of a cavity flameholder. The study characterizes flow interactions
between the pylon and an inclined cavity to more effectively take
advantage of the unique flow characteristics of the pylon-cavity
flowfield in future combustor work. Data analysis considered the
entire span of the cavity rather than focusing on centerline results.
Variation of Reynolds number provided an initial look at the effect
of changing design points or scale. Figure ] illustrates the pylon-
cavity test article.

II. Background

Ignition of fuel within an engine requires appropriate temperature,
pressure, equivalence ratio, and sufficient residence time for com-
bustion to occur. A flameholder minimizes the ignition delay time,
and therefore combustor length, required for initiating and sustaining
combustion within the engine [10]. Any component providing a zone
with a flow velocity small enough for effective mixing and for the
flame to stabilize can work as a flameholder. Common flameholders
include the v gutter commonly found in turbine afterburners or a
simple step. Flameholders provide a turbulent recirculation region in
which combustion can take place with fuel and air entrained from
the main flow. If the recirculation region entrains an appropriate
fuel—air mixture, a stable flame should burn and provide a constant
ignition source.

Cavity flameholders present a potential flameholding solution by
creating a relatively low drag recirculation region in which fuel and
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Fig. 1 Pylon-cavity test article.

air can react and generate a stable flame. Both step and cavity flame-
holders rely on recirculation behind a discontinuous step in the
combustor surface. However, step designs suffer from higher drag
and stagnation pressure losses than cavities [10]. Also, total
temperature within the cavity can approach the freestream total
temperature, allowing the cavity flameholder to take better advantage
of the energy in the oncoming flow [11]. Without a flameholder,
combustor length would need to account for the ignition delay time
of the fuel. Hydrocarbon fuel ignition in a supersonic combustor
may take a significant distance because the ignition delay of hydro-
carbon fuels is on the order of 1 ms [12]. Thrust-to-drag ratio is
roughly proportional to the ratio of combustor diameter and com-
bustor length, making shorter engines highly desirable [13]. Cavity
residence times equal to or greater than the ignition delay permit
a stable flame to exist within the flameholder, enabling a shorter
combustor.

Cavity flows can be classified as either open or closed, based
primarily on cavity length-to-depth ratio L/ D. A shear layer forming
at the leading edge of the cavity and reattaching on the downstream
wall of the cavity characterizes open cavity flow. The shear layer
over a closed cavity, on the other hand, reattaches to the floor of the
cavity. Significantly higher drag results from the flow encountering
the downstream wall in closed cavities, favoring the use of open
cavities as flameholders. The actual transition from open to closed
cavity depends on the overall flow, but typically occurs as the L/D
increases past 10 [10]. Some of the factors influencing the cavity
flow include geometry and freestream Mach number [14]. The
incoming boundary layer will influence the shear layer that forms
above the cavity, but otherwise, Reynolds number has a minimal
effect on cavity-only flows.

Cavity shape has probably the strongest effect on cavity flow
characteristics. Rectangular cavities are prone to unsteady flow due
to acoustic disturbances caused by the shear layer impinging on
the downstream wall and by periodic mass exchange with the main
flow as the disturbed shear layer moves up and down [15,16].
Inclining the downstream wall, as seen in Fig. 2a, allows the shear
layer to smoothly reattach, thereby reducing the magnitude of the
unsteady effects associated with rectangular cavities [10,13,15,17].
However, even with an inclined downstream wall, oscillations
remain possible [18,19]. Other effects within the cavity may further
reduce unsteady fluctuations. For instance, fuel injection upstream
of the cavity reduces cavity instability [20]. Additionally, heat addi-
tion due to combustion may suppress cavity instabilities seen under
cold-flow conditions [21,22].

b)

Fig. 2 Representation of centerline flow in an inclined-cavity flame-
holder: a) without leading-edge pylon and b) with leading-edge
pylon.

In addition to reducing pressure fluctuations, inclining the down-
stream wall results in slightly increased drag and mass exchange
rate [17,23]. Inclining the downstream wall exposes more of the
downstream wall to the oncoming flow increasing drag. Com-
busting flow should partially offset this added drag because the
shear layer grows and the top of the shear layer rises in combusting
flow [24,25]. A large vortex oriented spanwise across the cavity
dominates inclined-cavity flow and governs mass exchange be-
tween the cavity and main flow. A smaller counter-rotating vortex
may form along the bottom of the upstream cavity wall [17,18,23].
These vortices provide a zone for the fuel-air mixture to ignite and
form a stable flame. Ongoing research has examined these vortices
in an attempt to improve flameholding and ensure sufficient cavity
residence time to counter the increased mass exchange driven by
inclining the downstream cavity wall [11,17,23]. The overall flow
in the cavity may appear to be dominated by two-dimensional
effects, but the flow remains three-dimensional. Streamwise vortex
structures form off the side wall, producing nonuniform pressures
along the downstream wall. This effect was computationally pre-
sented in [15] and also noted in an experimental injection study in
[11]. References [17,23] also presented an inverse relationship
between cavity mass exchange and cavity residence time. For the
flameholder to function effectively, residence time must remain
high enough for a stable flame to burn in the flameholder, yet
sustain sufficient mass exchange to provide a steady source of fresh
air and/or fuel. Cavity flameholders and the recirculation region
of step flameholders tend to become fuel-rich, or at least contain
significant fuel-rich regions [17,26,27], highlighting the importance
of balancing sufficient mass exchange with the main flow and the
increased residence time required for hydrocarbon combustion.

The goal of a cavity flameholder is to increase the residence time
of the fuel—-air mixture and reduce engine length and drag. Open
cavities, such as the one under study, tend to have less mass
exchange with the main flow than closed cavities [17]. Cavity shape
alone appears to have little effect on residence time or mass
entrainment [23]. Residence time is primarily driven by cavity
depth, because deeper cavities have a larger volume and therefore
contain more mass for a given density. Longer cavities also have
increased volume, which increases residence time, but higher mass
exchange due to the larger area exposed to the freestream flow
decreases residence time. As a result, length has little effect on resi-
dence time. The inclined cavity has lower residence times compared
with rectangular cavities of the same L/D ratio, due to higher
entrainment caused by the shear layer moving lower into the cavity
[17.23].

Though cavity flameholders can provide a steady source of igni-
tion, cavity combustion products generally remain near the floor of
the combustor. Assuming a uniform and suitable equivalence ratio
and a main flow parallel to the cavity, the flame spread in natural
flame convection can be estimated by
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spread angle = sin™! (M—Uf) (1)

where u, is the turbulent flame speed and U is the flow speed. For
example, a typical hydrocarbon turbulent flame speed is about
4.5 m/s (about an order of magnitude above the laminar flame
speed) [12]. In a 500 m/s flow, the spread angle is about a half-
degree. Thus, even with effective flameholding the flame will
remain near the combustor wall, as seen in previous research [6].

Intrusive devices can enhance the interaction between a cavity-
based flameholder and a fuel-air mixture in the core flow [6-9,28].
A pylon placed at the leading edge of the cavity provides such a
mechanism by increasing mass exchange between the cavity and
freestream [29-31] and improving mixing due to pylon vortex/shock
interactions [32,33]. Low pressure behind the pylon draws fluid out
of the higher pressure cavity and into the pylon wake, enabling
increased mass exchange between the cavity and main flow, com-
pared with a cavity-only case [28,31] (see Fig. 2b). Supersonic
expansion at the pylon edges results in low pressure behind the pylon
[34]. The pressure differential between the cavity and downstream
pylon face results in a flow of cavity fluid upward behind the pylon.
This upward flow lies between a pair of streamwise counter-rotating
vortices formed as the flow over the top of the pylon spills over each
side. The vortices generated by a ramp fuel injector produce a similar
effect [25,35]. This additional streamwise vorticity should enhance
mixing between the pylon wake and main flow [25,36].

Although using pylons to specifically induce flow out of a cavity
flameholder has only recently been explored [28,31], pylons, ramps,
and struts as combustor enhancements with and without associated
cavity flameholders have been the focus of several research efforts
[7-9,32,33,37-39]. More specifically, [7,9,33,38] demonstrated
improved fuel penetration and mixing of wall-injected fuel into
the low-pressure region behind small pylons upstream of the fuel
injectors. In addition to the improved penetration of fuel into the
main combustor flow, these studies noted improved mixing due to
axial vorticity shed off the pylons. Complementing improved
penetration and mixing behind the pylons, the addition of small
pylons (approximately 1 cm high) with sharp leading edges ahead of
fuel injectors, as described in [33], showed no significant additional
total pressure losses. Pylon fuel injection ahead of step flameholders
has also been shown to sustain combustion [40]. Reference [41]
explored the use of wedge fuel injectors alone or ahead of a cavity
and showed improved combustion characteristics with the wedge
injector positioned at the leading edge of a cavity flameholder.

Increased mass exchange tends to reduce overall residence time in
the cavity, resulting in a design limitation for the designer, because it
may drive the operating and ignition envelope [17,28]. The increased
mass exchange due to the pylon has an effect similar to increasing the
length of an open inclined cavity [23], but much more pronounced
due to the intrusive interaction of the pylon with the main flow [31].
The improved penetration of flameholder products into the main
flow will enable the use of a larger volume of the main flow for com-
bustion, although reduced residence time must be accounted
for. Reacting flow will counter this decreased residence time to
some degree [17]. Drag is a concern; however, static pressure rise
due to combustion behind the pylon should at least partially offset
the pressure drag increase from adding the pylon to the cavity
flameholder [32].

Experimental data in [42] showed that adding a strut ahead
of a cavity flameholder resulted in more stable combustion. The
increased mass exchange due to the pylon-induced flow should also
contribute to steadier flow, because mass can leave the cavity behind
the pylon at a nearly constant rate instead of through the shear layer
oscillating up and down at the rear of the cavity. Even small
rectangular spoilers placed spanwise ahead of a cavity disturbed
the flow approaching the cavity, resulting in significantly reduced
pressure fluctuations in a rectangular cavity, although oscillation
frequencies were unaffected [16]. Reference [43] noted possible
oscillations of the shear layer near the ramps of a ramp mixer ahead of
a step flameholder. Therefore, it seems reasonable that fluctuations

may remain after the addition of a pylon to the cavity flameholder,
although at a reduced magnitude.

The pylon wake and cavity shear layer will interact. The shear
layer should progressively grow out of the cavity in the vicinity of the
wake due to the lower-velocity pylon wake. This combined pylon
wake and cavity shear layer will present a larger interface between
the oncoming flow and flameholder products than a cavity flame-
holder without the pylon. Extrapolating from [7], by transporting
fuel-rich combustion products from within the cavity, there may
be a larger region above the cavity with suitable conditions for com-
bustion. Reference [7] noted that the pylon ahead of the cavity
configuration may also lift the shear layer. Additionally, the shocks
off the pylon may further enhance mixing in the shear layer as they
reflect off the duct walls and over the cavity [25].

Adding a pylon to a cavity flameholder will create shocks within
the combustor section of the engine. An oblique or bow shock will
form off the leading edge of the pylon reflecting off the duct ceiling
and wall. Expansion waves will form at the back of the pylon. The
pylon waves and reflections will interact with the waves due to the
cavity, resulting in a complex three-dimensional flowfield down-
stream of the pylon. Because shocks are an inevitable result of using
a pylon with the cavity flameholder, the shock system in a final
design should be located to enhance mixing in the flameholder
and throughout the combustor section.

Adding a pylon to a cavity-based flameholder should enhance
the interaction between the cavity and a fuel—air mixture in the main
combustor flow. Knowledge of the particular characteristics of
the overall pylon-cavity flow will provide a previously unavailable
tool for scramjet researchers to enhance the effectiveness of scramjet
combustor designs.

III. Wind-Tunnel Facility and Instrumentation
A. AFIT 6 x 6 in. Supersonic Wind Tunnel

Testing was accomplished in the AFIT 6 x 6 in. supersonic wind
tunnel. The tunnel is a blowdown-type tunnel built by Aerolab,
capable of Mach numbers from 1.4 to 4.0. A lower sliding-block
nozzle with contours based on [44] provides the ability to adjust
the Mach number. Air for the tunnel is stored in a 22.7 kl tank at up to
1380 kPa and provided by two 37.3 kW compressors (Ingersoll-
Rand UP6-50PE-200) with two desiccant-type dryers (Donaldson
AHLD-350). Dew point measured downstream of the dryers is
below —40°C. A perforated steel disc inside the upstream end
of the stagnation tank evenly distributes the supply flow across the
stagnation tank. Additionally, three stainless steel screens installed in
the stagnation tank enhance flow uniformity [45]. A pressure regu-
lator installed immediately upstream of the stagnation tank held tank
pressures to within approximately 2% of target pressure. Conditions
were considered stable for data collection when stagnation pressure
P, was within 10% of peak pressure for each run. Stable run
times varied with stagnation pressure from approximately 15 s
at P, =248.2 kPa to approximately 8 s at P, = 427.5 kPa with
M = 2. Supply temperature was not controllable and varied be-
tween approximately 260 and 300 K over the course of the study.
Stagnation temperature and Reynolds number varied approximately
43% during data runs.

B. Test Section and Flameholder Model

We modified the original wind tunnel by inserting a new, more
accessible, test section downstream of the original test section. The
test section is an 86.4-cm-long constant-area duct with internal
dimensions of 15.2 x 16.5 cm. The test section has optical access
through the top and both sides. A removable side window allows
installation of mounting hardware for probe measurements. The
test-section floor accommodates access to the test article for sur-
face pressure tap tubing, pressure transducer wiring, and particle
image velocimetry (PIV) seeding.

The test-article geometry builds on previous work at AFIT and

flow features, but not optimally designed to minimize losses. The
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downstream face of the pylon is flush with the cavity step and
rectangular in shape, resulting in a flat triangular top face, as shown
Fig. 3. This design provides a simple geometry to study flow
traveling from the cavity into the core flow. The cavity depth D is
2.5 cm and length L is 10.2 cm. Cavity length is measured from
the leading edge of the cavity to the midpoint of the aft ramp. The
test-section duct is 15.2 cm wide and 16.5 cm high. The pylon, when
installed, is 5.1 cm high and 10.2 cm long and 1.0 cm wide. Cavity
length-to-depth ratio L/D is 4.0, pylon height-to-cavity-depth ratio
h/D is 2.0, and pylon width-to-depth ratio w/D is 0.4. The aft ramp
is inclined 22 deg from the horizontal and the pylon is swept back
29 deg from horizontal. Ongoing combustion research at AFRL
uses a similar pylon-cavity flameholder with 2/D = 1.5and w/D =
0.6 [28]. Forty 0.8-mm-diam pressure taps were located at several
locations to measure the surface pressure in and around the flame-
holder. Figure 4 illustrates the locations of the pressure taps as
well as the port used for either a flush-mounted pressure transducer
or mounting a PIV injector.

The coordinate system associated with the test article centers on
the leading edge of the cavity at the base of the pylon and is depicted
in Fig. 4.

C. Instrumentation

Wind-tunnel monitoring used a locally developed LabVIEW
program. Pressure monitoring used Endevco piezoelectric pressure
transducers. The pressure transducers were calibrated to local
atmospheric pressure once, or more, daily using a resonant sensor
barometer (Druck, Inc. DPI-141), accurate to +25.5 Pa. All pressure
transducers were calibrated to +68.9 Pa. Exposed, beaded-tip,
K-type thermocouples (Watlow ACEFO0QO060EK000) placed in the
supply channel and stagnation chamber provided temperature
data accurate to £2.2°C. A data acquisition system collected data at
20 Hz (National Instruments SCXI-1000 chassis, SCXI-1600 USB
data acquisition and control module, SCXI-1112 thermocouple input
module, and two SCXI-1121 isolation amplifier modules).

Shadowgraph data were collected using a Photron Fastcam-X
color high-speed camera system with a Tokina 80—200 mm lens at an
f stop of 4. All captured images used an exposure time of 1.5625 x
10~ s (1/64,000 s). The system was independently controlled
from a standalone personal computer. The Fastcam system supports
video capture at up to 16,000 frames per second. Full-frame video
(1280 x 1024 pixels) was available at up to 500 frames per second
and used for imaging the overall flow. Frame size became incre-
asingly limited at the higher frame rates (320 x 32 pixels at 16,000
frames per second).

Average surface pressure data were collected using a pressure
scanning system with a 206.8 kPa differential pressure scanner
(Esterline Pressure Systems DTC Initium 64HD-0803001000) and
supporting hardware, controlled independently of other lab systems
on a personal computer. The pressure scanner accuracy of 0.1% of
full scale equated to £206.8 Pa. The scanner operated at approxi-
mately 8.5 Hz using 41 channels. Surface pressure taps were
connected to the scanner using 1.6 mm (o.d.) metal tubing mounted
beneath each tap and approximately 60 cm of 1.5 mm (i.d.) plastic
tubing and associated fittings.

A Dantec Dynamics DC PIV system provided PIV data. The light
sheet was created using a New Wave Research SOLO200XT dual-

10 cm

10 cm

Fig. 3 Test-article geometry.

Flush mounted transducer
or CO, injector

>

Fig. 4 Pressure tap placement and coordinate system.

flash-lamp-pumped Nd: YAG laser emitting a 532 nm beam. Dantec
Dynamics model 80 x 70 light sheet optics mounted to a model
80 x 39 mirror arm formed the laser sheet in the test section. The
camera was a Dantec FlowSense 4M, using an AF Micro Nikkor
60 mm lens at an f stop of 2.8. PIV system control and data reduction
were accomplished on an independent personal computer running
Dantec Dynamic Studio version 2.0. The system was capable of
capturing 70 images pairs per run, but sparse seeding required up
to 15 data runs for a single test condition. Flow seeding was
accomplished using a CO,/dry-ice clean-seeding method under
development at AFIT [46-51]. This study used two different particle-
seeding configurations. Two injector ports installed in the stagnation
tank upstream of the tunnel nozzle provided seeding without dis-
turbing the flow. The other injector configuration used a single
stagnation-tank injector and an injector mounted to the cavity floor
oriented toward the +z wall of the cavity. Mounting an injector
within the cavity disturbed the cavity flow, but provided the ability
to seed the pylon wake for qualitative analysis. Particle sizes were
not characterized in the 6 x 6 in. tunnel, however, relaxation times
using the same CO, seeding system in a 40 cm? tunnel were on the
order of 50 s and consistent with 2-pum-diam particles [50].

IV. Computational Approach

Steady-state computational data were obtained using FLUENT
version 6.3.21 and mesh generation used GridGen version 15.11. A
Linux cluster at AFIT, using up to 24 processors, provided a parallel
computing environment for flow solutions. Validation was accom-
plished through comparison with wind-tunnel results.

For this study, the three-dimensional Favre-averaged Navier—
Stokes equations were solved using a coupled, implicit, second-order
upwind solver. Cell fluxes were computed using a Roe scheme and
the viscosity was determined using Sutherland’s law. The working
fluid was air treated as an ideal gas with no reactions modeled,
corresponding to the wind-tunnel conditions.

The k- shear stress transport (SST) model [52] was used for
turbulence modeling. The SST model combines the advantages of
the k- model near solid surfaces with the x-¢ model, which has good
free-shear-flow characteristics, making it well suited for this flow.
The SST model also has improved performance in adverse pressure
gradient flows over either the k-w or k- models. The SST model was
used successfully in a previous AFRL study on cavity flow [23].

The solution was handled in two stages. First, the wind-tunnel
nozzle was modeled up to the entrance of the test-section duct (see
Fig. 5). Actual wind-tunnel stagnation-tank conditions populated
the pressure inlet boundary condition at the nozzle inlet. Esti-
mated average conditions for the nozzle exit based on wind-tunnel
test-section measurements provided initial conditions at the outlet
boundary. The converged outlet conditions for the tunnel nozzle
were then stored and used as inlet conditions for the test section with
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Fig. 5 Computational domains.

and without the pylon installed. Supersonic flow at the entrance and
exit allowed the use of test-section inlet boundary conditions for
the initialization of the test-section outlet. Wall boundaries were
modeled as smooth, no-slip, adiabatic surfaces.

The computational domain shown in Fig. 5 consisted of several
different meshes. The tunnel nozzle mesh was a structured grid of
approximately 4.4 million cells. The cavity was an independent mesh
and merged with the duct mesh within FLUENT. Using an inde-
pendent cavity mesh ensured as much commonality between the
pylon and no-pylon models as possible. The cavity mesh consisted
of approximately 2.1 million cells. Two different test-section duct
meshes were used. The no-pylon mesh consisted of approximately
3.9 million structured cells. The pylon model used a hybrid mesh
consisting of approximately 3.6 million structured cells in three
blocks surrounding approximately 550,000 unstructured cells
surrounding the pylon. The cavity-pylon and cavity-only meshes
used identical wall spacing and spacing above/below the cavity shear
layer. The height of the first cell center above the test-section floor
upstream of the cavity was 7.5 x 10~ m. The resulting y+ values of
the first cell center averaged approximately 35 to 57, depending on
Reynolds number, necessitating the use of wall functions to more
accurately model the boundary layer. This spacing resulted in
approximately 32 cells in the 2-cm-thick boundary layer near the test-
section entrance at x ~ —12 cm. Comparison of the boundary layer
entering the test section showed excellent agreement between CFD
and PIV [31]. Course spacing along the tunnel ceiling conserved
computational expense (y + ~600-1000). Convergence monitoring
compared the difference between the inlet and outlet mass flow rates.
As convergence was approached, this difference approached zero.
As asecondary measure of convergence, the same check was made at
the junction between the cavity and test-section duct. The solution
was considered converged when the average error in mass flow for
the duct decreased by 3 orders of magnitude. Acceptable conver-
gence for all cases required less than 20,000 iterations and approxi-
mately 110 h per case.

V. Results and Discussion

This section will present results of our cold-flow study, including
flow visualization, pressure data, and general flowfield character-
istics, and will end with a discussion of cavity mass exchange.
Experimental and computational data were obtained at a test condi-
tion of M =2 over a range of unit Reynolds number of approxi-
mately 33 x 10° to 55 x 10° m~!. Results were obtained with the
pylon installed ahead of the cavity flameholder as well as baseline
data with the cavity flameholder only, providing a direct quantitative
comparison of cavity-only flow with pylon-cavity flow. The cold-
flow condition approximates the state of a combustor before ini-
tiating fuel flow. Additionally, whereas a reacting flow will alter the
flowfield characteristics, such as enlarging the recirculation region
size [26] or inhibiting cavity pressure/velocity fluctuations [21,22],
the underlying flowfield structures may remain, as described in
[53,54]. These cold-flow data provide a stepping-off point for further
research in a reacting environment.

A. Flow Visualization

Flow visualization using shadowgraph video provided a quick
assessment of prominent flameholder structures as well as validation

Fig. 6 Shadowgraph image of significant features (Re ~ 42 x 10° m~!,
M = 2, and unusable hatched area); BL denotes boundary layer, Cav
denotes the cavity, and LE denotes the leading edge.

of the CFD results. Figure 6 presents an instantaneous shadowgraph
image of the pylon-cavity flameholder model at Re ~ 42 x 10% m™!
and was created by joining two images at the same stagnation
pressure setting. The unusable hatched region in Fig. 6 is due to the
overlap of the two circular fields of view. The flow is from the left and
the prominent flow features agree with CFD density gradient results
shown in Fig. 7 created by overlapping density gradient contours
from four z planes (light shading corresponds to decreasing density
and dark shading to increasing density). The zebra-striping appear-
ance between the pylon and ramp shocks in Fig. 7 results from
overlapping density gradient data sets (centerline and 2, 4, and 6 cm
offcenterline). The shadowgraph in Fig. 6 displays the second deri-
vative of density (d”p/dx?), versus the density gradients (dp/dx)
presented in Fig. 7, which emulates schlieren photography [55].
Prominent features visible in Fig. 6 include a shock off the leading
edge of the pylon, a recompression shock forming off the down-
stream cavity ramp, and an expansion at the cavity leading edge. The
cavity shear layer and pylon wake also appear in the image. The flow
off the top of the pylon is more complex. The pylon wake in Fig. 6
appears to extend above the top of the pylon. Considering the CFD
results of Fig. 8, the wake only extends above the pylon on the
outside edges of the pylon base (z ~ &= — 0.5 cm), where the flow
travels away from the wake at about a 45 deg angle between two sets
of counter-rotating vortices. The wave feature angling upward off the
top of the pylon in Fig. 6 is likely an expansion, because the flow
actually turns slightly downward on the centerline. These structures
compare qualitatively well with results presented in [28] for a similar
test condition, although they used a different pylon and slightly
divergent duct. No significant variation in these flow features was
noted over the range of Reynolds numbers tested.

B. Pressure Data

Surface pressures provide a means of estimating the shape and
characteristics of the cavity shear layer impinging on the downstream
ramp. The static pressure within the cavity directly affects reactions,
and cavity surface pressure data provide a means of estimating the
regions favorable or unfavorable for combustion, assuming an
appropriate fuel-air mixture. Additionally, the use of CFD allowed
for the estimation of overall average pressure effects. The measured
pressure-coefficient results were computed using a reference surface
pressure p,.; from a pressure tap approximately 1 cm ahead of the
pylon (x = —11 cm) and estimated dynamic pressure ¢ entering the
test section.

Fig. 7 CFD simulated schlieren image (data from z =0, 2, 4, 6 cm;
grayscale of 3p/dx; Re ~ 42 x 10° m~', and M = 2).
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Fig. 8 Flowfield 1 cm behind the top of the pylon (contours of vertical
velocity; dashed line represents the pylon).

Because wind-tunnel conditions varied from run to run, the
pressure coefficient was usually used for comparative analysis. The
pressure coefficient was computed as

¢, =t @

CFD enabled the calculation of the mass-averaged static pressure
within the entire cavity (y < 0 cm) and showed a small pressure rise
with the addition of the pylon (less than 2% at all Reynolds
numbers). This pressure rise equated to an approximately 3%
increase in average cavity pressure over the incoming duct static
pressure. Considering simple Mach number versus area variation
for comparison purposes, a step flameholder using the same inlet
conditions and area change at the step would experience on the
order of a 20% static pressure decrease. Higher average static
pressure should contribute to better overall ignition and flame-
holding. However, just as important as average pressure within the
flameholder are local pressures at various points within the cavity,

Cp: 005 O 005 01 015 02 025

a)

b)
Fig. 9 CFD cavity surface pressure coefficient: a) cavity only and
b) cavity pylon.

as they can represent hot spots or regions that are unsuitable for
combustion. The pressure environment along the floor and up-
stream edge of the cavity, where the flow is subsonic, was relatively
unchanged with the addition of the pylon, as seen in the surface
pressure results in Fig. 9.

On the downstream ramp, computational surface pressure data for
the cavity-only case show relatively uniform pressures along the
lower half of the cavity ramp, with a gradual increase toward the top
of the ramp (Fig. 9a). However, with the pylon installed, the surface
pressure rises along the downstream ramp, but with relatively low
pressure near the wake of the pylon and increasing pressure toward
the walls, where the cavity shear layer impinges on the ramp
(Fig. 9b). No significant Reynolds number effects on the surface
pressure coefficients were noted. Figure 10 shows measured and
predicted centerline surface pressures and shows generally good
agreement between computational and tunnel results. However, at
lower Reynolds numbers, the centerline pressure without the pylon
in Fig. 10arises higher on the downstream ramp than predicted and is
associated with a small centerline velocity deficit in the incoming
test-section flow. These no-pylon centerline data are consistent with
cavity-only centerline pressures in [17]. With the pylon (Fig. 10b),
measured centerline pressures along the downstream ramp appear to
peak slightly upstream, compared with CFD, and suggest that the
shear layer with the pylon installed may sit slightly lower on the ramp
than predicted in the low Reynolds number case.

Two significant effects likely explain the high pressures on the top
outboard corners of the cavity ramp. First, the extra mass drawn up
behind the pylon draws a portion of the duct flow lower into the
cavity, leading to a deeper impingement of the shear layer. Second,
the recompression shock off the pylon wake interacts with the ramp
shock above the outboard edges of the cavity ramp seen in Fig. 6. The
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Fig. 10 Wind-tunnel and CFD centerline surface pressures coefficients
at Re ~ 33 x 10° m~! and 55 x 10° m~!: a) without pylon and b) with
pylon.
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Fig. 11 Cross-ramp pressures near shear-layer impingement (x=
10.8 cm, y = —0.94 cm, and Re ~ 33 x 10° m~!).

pressure on the ramp in these regions reaches approximately 20% of
the stagnation pressure value and signifies potential hot spots in a
reacting flow. In reacting flow, however, the shear layer will rise up
[24], relieving these high-pressure zones somewhat and spreading
the effects across the ramp, reducing their potential local severity.
Surface pressure data from the wind tunnel near the shear-layer
impingement validate the pressure rise on either side of the cavity
ramp (Fig. 11). The skewness in the pressure data across the ramp
in Fig. 11 is likely due to small imperfections in test-section
construction on the —z wall, as described in [31].

CFD allowed exploration of overall total pressure effects that
would be difficult to perform in the wind tunnel. The mass average
total pressure ratio for the baseline case was approximately 97.9%,
measured from the test-section entrance (x = —12 cm) to behind the
cavity (x =15 cm). Installing the pylon decreased the ratio to
approximately 96.5%, although redesigning the pylon for minimum
losses should regain some of the lost total pressure. Changing
Reynolds number had negligible effect on total pressure loss. Total
pressure data presented in [28] for three different pylon geometries in
areacting flow indicated that a geometry similar to the one tested in
this study had less total pressure loss than two other pylon geometries
tested. A promising direction for future research would be to identify
what pylon dimensions would result in negligible total pressure loss,
as described in [33], while still providing a means of carrying cavity
products into contact with the main flow.

C. Flowfield Data

The primary flowfield characteristic of interest is the upward flow
of cavity fluid behind the pylon and into contact with the main flow.
The computational results shown in Fig. 12 clearly show a strong
flow through the low-pressure region behind the pylon from the
cavity and into the main flow (approximately M = 1 at 1 cm behind

PressureTap
(y=1.9cm)

-0.1 -0.05 0 0.0 0.1 0.15
X (m)
Fig. 12 CFD centerline pressure coefficient with streamlines (Re~
33 x 10° m™).

a)

b)

Fig. 13 Upward velocity on the centerline: a) PIV data, b) CFD data
(Re ~ 33 x 10° m~! and flow is from the left).

the downstream face of the pylon at y =1.9 cm). Supersonic
expansion behind the pylon and the resulting low static pressure
induce the upward flow. The pressure coefficient measured behind
the pylon pressure tap at y = 1.9 cm was approximately —0.16 at all
Reynolds numbers and supported computational results. The
computational pressure coefficient and upward velocity behind the
pylon varied less than 3% over the Reynolds number range used in
this study. The upward flow out of the cavity associated with the
pylon wake was mostly confined to the base region immediately
downstream of the pylon on the centerline, ranging from the tunnel
floor to the top of the pylon (y =5 c¢m) and downstream approxi-
mately 2 cm (or about twice the pylon width). Combustion studies
using direct cavity injection [28] suggest that reacting products travel
to approximately the top of a leading-edge pylon (h/D = 1.5),
supporting the current study. In contrast, wall fuel injection behind a
small pylon (h/D = 0.6) upstream of a cavity flameholder had
significantly higher penetration into the main flow (more than twice
the pylon height) [9], but with more than 10% additional total
pressure loss when compared with the current study.

PIV results for vertical velocity, shown in Fig. 13a, show the
upward flow behind the pylon. These results are qualitative because
to seed the cavity for PIV, an injector was placed along the cavity
floor, disrupting the normal flow within the cavity, as did the added
mass flow from the CO, injector in the cavity. These PIV results
demonstrate that upward flow behind the pylon does not strictly
depend on undisturbed flow within the cavity. For comparison,
Fig. 13b shows the computed upward velocity behind the pylon for
undisturbed flow.

Figure 14 shows that the pylon wake induces an expansion and
recompression shock behind the pylon that could further improve
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mixing with the main flow, as described in [36]. Small differences in
overall velocity passing the pylon in the computational data resulted
from the different stagnation-tank temperatures used to initialize the
simulations. PIV seeding in the pylon wake was extremely sparse,
resulting in unreliable wake velocities. However, as seen in Fig. 14,
the CFD and PIV data agree on the overall shock and expansion
structure behind the pylon. Recompression shock angles agree very
well at approximately 33 deg for both CFD and PIV. Contributing to
the effectiveness of carrying flameholder products from the cavity
into the pylon wake, computational results indicate that the lower
vortices seen earlier in Fig. § grow and descend along the sides of the
pylon wake. These streamwise vortices exchange fluid inside the
wake with fluid outside the wake. Assuming that there is combustion
within the pylon wake and a suitable fuel-air mixture in the
oncoming main flow, the pylon wake will provide a promising means
of igniting the oncoming fuel-air mixture. The steady-state single-
species computational method precluded the collection of any
mixing data; therefore, quantifying the degree of mixing between
reacting cavity products and the main flow will require further
investigation.

Both the baseline cavity and the pylon cavity had a large vortex
oriented across the cavity (z axis) shown in Fig. 15 for z =4 cm.

Fig. 15 CFD streamlines off the cavity centerline (z =4 cm) at Re=
33 x10° m~!: a) without pylon and b) with pylon (vertical axis
exaggerated).

However, unlike the cavity-only case, the cavity flow was split into
two regions by the pylon flow effects, as shown in Fig. 16b. In the
pylon-cavity case, the flow below the pylon wake inside the cavity
was generally upstream (negative x direction) and upward (positive y
direction), as seen in Fig. 12. The offcenterline flow behavior of the
pylon-cavity model (Fig. 15b) appears to be similar to the cavity-only
model (Fig. 15a) and is consistent with previous cavity-only studies
vortex oriented across the cavity (oriented in the z direction).
However, the addition of the pylon led to the vortex filling most of the
cavity. Without the pylon, the offcenterline vortex was confined to
the downstream 75% of the cavity, with lower speed flow dominating
the upstream portion. The reverse-flow velocity across the bottom
of the downstream ramp with the pylon installed (Fig. 15b)
was approximately 155 m/s or about 32% of freestream velocity.
Without the pylon (Fig. 15a), the velocity was about 130 m/s or
about 26% of freestream velocity. For comparison, [56] presented
reverse-flow velocities approximately 40% of freestream in a rect-
angular cavity. The velocity magnitude down the ramp varied less
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Fig. 16 CFD streamlines in the cavity midplane: a) without pylon and
b) with pylon (y = —1.27 ¢m and Re ~ 33 x 10° m™!).

than 4% with Reynolds number. The offcenterline (z =4 cm)
streamwise velocity profiles in Fig. 17 show that the velocity profiles
above the cavity (y > 0 cm) are more uniform without the pylon
(Fig. 17a) than with the pylon installed (Fig. 17b) and are consistent
with M = 3 inclined-cavity data in [57]. Figure 17b also indicates
that the shear layer drops lower into the cavity and shows the higher
reverse-flow velocity with the pylon installed.

In the cavity midplane (y = —1.27 cm) seen in Fig. 16, large
counter-rotating vortices oriented with the y axis dominate the flow
on either side of the pylon wake (Fig. 16b). These regions promote
the flow moving upstream and upward beneath the pylon wake and
streamwise and downward along the tunnel walls. This pair of
vortices defines regions of relatively slow-moving flow. In the
cavity-only case (Fig. 16a), the vortices are confined to the upstream
wall of the cavity. The local residence time within these vortices
should be relatively high, and, assuming a suitable fuel-air mixture is
entrained into them, may provide a relatively still environment for
stable flameholding. Velocity profiles, shown in Fig. 18, show that
the upstream flow without the pylon is strongest along the walls of
the cavity and over the ramp (Fig. 18a, x = 8 cm). In contrast, with
the pylon installed (Fig. 18b), the upstream flow is concentrated on
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Fig. 17 CFD streamwise velocity profiles off cavity centerline corre-
sponding to Fig. 15 (z =4 c¢m) at Re = 33 x 10° m~!: a) without pylon
and b) with pylon x =2 cm (solid line), x =4 cm (dashed line), x =
6 cm (dotted line), and x = 8 cm (dashed-dotted line).

the centerline and a strong flow is maintained over the length of the
cavity. The interaction of the low-velocity regions with the fast-
moving upstream flow beneath the pylon wake may enable a pool of
reacting flameholder products to form and be carried upward behind
the pylon and into contact with the main combustor flow.

In summary, the flow features associated with adding a pylon to a
cavity flameholder have both positive and negative aspects. The flow
is more three-dimensional than the cavity-only case, as exemplified
by the mass drawn up behind the pylon. Additionally, whereas the
vortices in the cavity increase the mass exchanged between different
areas of the flameholder and the main flow, some vortices in the
cavity, such as at the bottom of the front cavity wall or either side of
the pylon wake, may entrap fuel and be too rich for combustion.
These effects may define the limits on flameholder effectiveness,
although direct air injection may expand the envelope [6,17,24,58].

D. Mass Exchange

Addition of the pylon to the leading edge of the cavity should
enable greater exchange of mass between the freestream flow and the
cavity. This additional mass will be available to react within the
cavity and return to the main flow through the pylon wake or
downstream edge of the cavity. The average mass flow passing from
the main flow through the cavity and back into contact with the main
flow either through the pylon wake or at the downstream cavity ramp
was computationally estimated by integrating the positive mass flow
per unit area across the top of the cavity:

rhcav = |:/ pu),+dAj| (€)
A y=0

where p is the local cell density and u,, is the positive component
of vertical velocity. The calculation only requires the positive
component because the mean mass flow into the cavity and out of
the cavity will be the same (the difference between positive and
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Fig. 18 CFD streamwise velocity profiles across the cavity midplane
corresponding to Fig. 17 (y = —1.27 cm and Re ~ 33 x 10° m~!):
a) without pylon and b) with pylon x =2 cm (solid line), x =4 cm
(dashed line),x = 6 cm (dotted line), and x = 8 cm (dashed-dotted line).

negative mass flow CFD solutions through the top of the cavity is
less than 1%).

The pylon-cavity case is very three-dimensional, with the
previously discussed flow structures mechanically driving much of
the mass exchange. In contrast, the cavity-only case has significantly
less interaction between the cavity flow and freestream. Because a
steady-state CFD calculation cannot reliably predict cavity residence
time, the mass flow ratio (MFR) provides a better comparison
between pylon and no-pylon cases (i.e., the proportion of freestream
mass flow that passes through the cavity):

MFR = mcav/ rhfreeslream (4)

The mass flow ratio of the pylon-cavity case was approximately
0.012 for all Reynolds numbers (i.e., slightly over 1% of the mass
flow transits the cavity). Without the pylon, the mass flow fraction
was 0.004 for all Reynolds numbers, or about one-third the cavity
mass flow of the pylon cavity. Assuming fuel injection upstream of
the flameholder, 3 times more fuel—air mixture passes through the
cavity and back into contact with the freestream per unit time with the
pylon added to the leading edge. As described in [17], increasing
cavity length also increases the mass exchange with the freestream.
However, the addition of a pylon significantly alters the cavity flow-
field and produces more intense three-dimensional effects than
lengthening the cavity. Cavity-only mass flows approximated using
[17] data showed a modest increase (approximately 15%) when
increasing cavity L/D from three to five as opposed to the approxi-
mately 300% increase from the addition of the pylon used in this
study. Note that these characteristics would obviously change in the
case of direct cavity injection of fuel and/or air. MFR, as calculated
through the top of the cavity, does not provide an estimate of mixing,
but indicates a relative measure of cavity products available to
interact with the main flow through the cavity shear layer and pylon
wake. Future research should investigate the effects on fuel-air
mixing and component efficiency. Also, MFR presents only the
mean mass flow through the top of the cavity and fails to account for
significant local differences. For instance, in the middle of the

relatively still flow on either side of the cavity, as seen in Fig. 16b, the
local residence time will be relatively high.

In general, increased mass exchange can be beneficial in terms of
exposing more reacting flameholder products to the main flow.
However, the inverse relationship between mass exchange and
residence time requires care to ensure that mass exchange does not
increase beyond the capability of the flameholder to sustain com-
bustion. If necessary, increasing the cavity depth, and therefore
volume, should increase overall residence time. As described in [17],
the flameholder mass exchange will decrease in a reacting flow with
the resulting increased residence time. Therefore, the cold-flow
relationships noted in this study are conservative with regard to mean
residence time/MFR.

VI. Conclusions

This paper presents results of a combined experimental/
computational study of an inclined-cavity flameholder with a
swept-leading-edge pylon and should help bound part of the design
problem facing a scramjet engine designer opting to use a pylon-
cavity flameholder. The test conditions were a Mach number of 2 and
unit Reynolds numbers between approximately 33 x 10° m~! and
55 x 10 m™!.

The low pressure resulting from the expansion around the back of
the pylon led to a strong flow upward from the cavity. This upward
flow into the pylon wake increased mass exchange between the main
flow and the cavity, compared with the cavity-only case. The larger
mixing area of the pylon wake combined with the cavity shear layer
provided a larger interface for pylon-cavity flameholder products
to interact with the oncoming fuel—-air mixture than a cavity-only
configuration. These effects provide an avenue for the reacting
products in the cavity to extend at least as far as the top of the pylon
wake and higher into the main flow than either a cavity-only or step
design. Although research must continue, knowledge of the flow
features discussed in this paper should assist in improving fuel-air
injector designs for use in a pylon-cavity flameholder and provide a
stepping stone toward optimizing the pylon-cavity configuration,
with the ultimate goal of improving overall combustor performance.
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