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Fundamental Studies of Cavity-Based Flameholder Concepts
for Supersonic Combustors
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Experimental and computationalinvestigations of the flowfield associated with several cavity-based flameholders
in a nonreacting supersonic flow are described. All cavity flows were of the open type, that is, length-to-depth ratio
L/D <10. Two values of L/D were studied with several offset ratios (OR) and aft ramp angles 6. Results indicate
that the aft ramp angle plays an important role in determining the character of the shear layer that spans the
cavity. For a rectangular cavity with OR =1 and 0 =90 deg, a compression wave forms as the flow separates from
the cavity’s upstream corner. A strong recompression occurs at the aft wall, and the flow is visibly unsteady.
The pressure on the cavity fore wall decreases steadily and the recompression process occurs more gradually with
decreasing aft ramp angle. Higher drag coefficients and shorter residence times are found in cavities with shallower

ramp angles.

Nomenclature

downstream step height
upstream step height
turbulent kinetic energy
cavity length-to-depthratio
mass

offset ratio, D, /D,

static pressure
freestream static pressure
time

streamwise position

wall coordinate

aft ramp angle

MUSCL parameter
cavity residence time
turbulent frequency

Dy

L/D,L/D,

o=
A
(L I | VA VR T B 1}

g A x

Introduction

UEL injection, ignition, and flameholding present fundamen-

tal challengesto the design of a hydrocarbon-fueledsupersonic
combustion ramjet (scramjet) engine. To achieve efficient combus-
tion within a manageable length, a successful fuel injection scheme
must provide rapid mixing between the fuel and airstreams. How-
ever, the introductionof fuel into the combustor must be carried out
in such a way that the airstream suffers acceptable total pressure
losses. Another challenge associated with combustion in scramjets
is to provide a stable flameholding system. This implies that the
fuel-air mixture within the flameholder is appropriate and control-
lable over a wide range of operating conditions, that is, velocity,
pressure, and temperature.
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To date, these problemshave not been adequatelyresolved. Flush-
wall and parallel injection concepts have been investigated, each
with its merits and drawbacks. In addition, many injection schemes
thatimpose significant pressure losses to achieve flameholdinghave
been explored. These devices add high levels of complexity to the
system,forexample, active coolingsystems for preservationof sharp
leading edges, etc. A clear need exists for the development of a
system that effectively integrates fuel injection and flameholding
for supersonic combustion with minimal system complexity and
performance detriment.

Background

Several factors are important in the development of a suitable
flameholder for a dual-mode scramjet combustor, including static
pressure in the flameholder, entrainment rate, residence time, and
drag. Higher static pressureis expected to improve the performance
of a typical flameholder. In the dual-mode scramjet, a relatively
strong pressure rise will be experienced inside the combustor. The
energy additionfrom combustionof the hydrocarbonfuel causes the
approaching supersonic flow to decelerate through a series of shock
waves, thereby increasingits static pressure. In previous work using
ethylene in a model scramjet operating at conditions that simulate
Mach 4-5 flight conditions, the peak pressure has been observed to
occur at a location inside the flameholding device.!'* Thus, at low
flight Mach numbers, the benefits of high static pressure near the
flameholder should be achievable. Also, in the dual-mode scramjet,
it is desirable to minimize the drag generated by the flameholding
systembecause thrustmargins are generally small. Winterfeld® stud-
ied several flameholder geometries and showed that flameholders
characterized by greater flow deflections produced faster exchange
rates. He also found that for a fixed flameholder shape, increasing
blockage, that is, drag, resulted in a decrease in residence time and
an increase in exchangerate. These observationsillustrate the com-
promise that must be accepted in the development of flameholders
for scramjets.

Three recent publications have presented comprehensive litera-
ture surveys on cavity flows and their relevance for flameholders
in supersonic combustion engines.*~% Experimental and analytical
research to date has predominantly examined the role of cavities
in external flows,”~?7 although there have been studies examining
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the flameholding characteristics in low-speed®®?

flows, 4-6:30-36
Cavity flows generally fall into one of two categories: open or
closed.These two flowfieldsareillustratedschematicallyin Fig. 1.In
open cavity flows (Fig. 1a), the shear layer formed at the separation
cornerspansthe entirecavity lengthandreattachessomewherealong
the cavity back face. These cavities generally have low values of
drag, but also relatively small levels of entrainment from the main
flow. Closed cavity flows (Fig. 1b) occur when the shear layer is
unable to span the entire length of the cavity and reattaches on
the cavity floor. Closed cavities are characterized by larger drag
coefficients compared with open cavities. Therefore, due to their
lower drag penalty, open cavities are more desirable in a scramjet
combustor. The length-to-depthratio that separates open and closed
behavioris typicallybetween 10 and 12 (Ref. 37). In addition to this
operational transition, another interesting feature of cavity flows
involves the mode by which acoustic waves propagate inside the
cavity. Zhang and Edwards** have found that for small values of
L /D, acavityimmersed in a supersonic stream is dominated by the
transverse mode, where acoustic waves propagate perpendicularto
the crossflow. As L/D increases, the oscillation mode changes to
longitudinal, where the waves travel along the length of the cavity.
The transitionbetween the transverse and longitudinalmodes results
in a sudden increase in the cavity’s form drag coefficient. After the
longitudinalmode is established, the form drag coefficientdecreases
slightly with increasing L /D before increasing dramatically due to
the effects of stronger shear-layer recompression on the aft face.
Hsu et al.?? injected fuel and air into an axisymmetric cavity to
achieve low-speed flame stabilization. Stable flames resulted for
cavity lengths between 0.45 and 0.65 aft wall diameters. Longer
cavities produced unstable flames, whereas shorter cavities lacked
enough volume for flameholding. With direct injection of fuel and

and high-speed

a) Open cavity flow (L/D <10)
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Fig. 1 Character of cavity flows.
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air, stable combustion was obtained at a cavity aspect ratio that
correspondedto minimum drag and minimum entrainment. Similar
results were obtained from time-dependentcomputational fluid dy-
namics (CFD) calculations, that is, a limited L/ D range for achiev-
ing a stable flame zone.?

Yu et al.*! studied several cavity configurations in an unheated
Mach 2 flow. The influence of cavity geometry on the combus-
tion of a fuel jet injected upstream of the cavity was studied. Ini-
tial results suggested that small aspect ratio cavities provide better
flameholding than longer cavities with inclined aft ramp angles.
Similar work has been in progress at the U.S. Air Force Research
Laboratory (AFRL) for some time.!'*3® Room temperature gaseous
and liquid fuels are injected upstream of a cavity in a supersonic
combustor operating at conditions that simulate flight Mach num-
bers between 4 and 6 and flight dynamic pressures between 23.9
and 95.8 kPa (Ref. 39). Results show good flameholding and rapid
flame spreading.!>38

Objectives

This investigation is aimed at improving the fundamental un-
derstanding of cavity-based flameholders in supersonic flows. The
baseline conceptuses a wall cavity to provide the stabilizationzone.
This cavity is described by several parametersincludingits L/ D, aft
ramp angle 6, and offset ratio (OR). Simple models of the proposed
systemare experimentallyand numerically studied at one freestream
Mach number to identify the importantissues in the design of such
a device. Included in the initial work are measurements of the wall
static pressure distributions throughout the cavity. These measure-
ments are compared directly with CFD results. Conventional flow
visualizations are also presented.

Experimental Facility and Diagnostics

Experiments were conducted in the supersonic flow facility lo-
cated at the AFRL, PropulsionDirectorate.** A brief facility descrip-
tionis followed by details of the cavity models and the measurement
techniques used in this work.

Flow Facility

The flow facility used for these experiments was designed to al-
low studies of the basic fluid dynamic mechanisms that govern fuel-
air mixing in supersonic combustors using conventional and state-
of-the-art nonintrusive diagnostic techniques. Figure 2 presents a
schematic of the facility. A continuous source of clean compressed
air is available to provide stagnation conditions up to 922 K and
5.27 MPa and a total flow rate of about 15.4 kg/s. For these exper-
iments, the planar two-dimensional converging-diverging nozzle
section was configured with a pair of Mach 3 half nozzles. The
constant-area test section (131 x 152 mm) with fused silica win-
dows mounted in the side walls and the top wall for optical access.

Cavity Flameholder Models

Table 1 presents the geometric features of the cavities studied.
All models have the same depth, D, = 8.9 mm, and the length L is
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Fig. 2 Facility schematic.
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Table1 Cavity geometry specifications

Name L/D, OR=D, /Dy Ramp angle 6, deg
LD3-01-90 3 1 90
LD3-01-30 3 1 30
LD3-01-16 3 1 16
LD3-02-90 3 2 90
LD3-02-16 3 2 16
LD5-01-90 5 1 90
LD5-01-16 5 1 16
Y
r '

“This length is defined as the length of a rectangular cavity or the distance
from the leading edge to 0.5%(D /tan(8)).

Fig. 3 Cavity geometry schematic.

defined in Fig. 3. The flow directionis from left to right. Instrumen-
tation includes several wall static pressure taps on the fore, bottom,
and aft walls. Taps were placed along the spanwise centerline of the
model as well as across the span of the cavity at various axial loca-
tions. The off-centerline taps provide an indication of the spanwise
symmetry of the flow inside the cavity.

Measurement Techniques

Two primary diagnostics were used in this investigation:schlieren
and shadowgraph flow visualizations and wall static pressure mea-
surements. A xenon nanolamp (pulse duration ~10 ns) effectively
freezesthe flowfield, and a Pixel Visionunintensified charge-coupled
device camera records the spatially integrated images. The camera
is controlled using a Pentium-based personal computer and the im-
ages are stored on disk for further analysis. The schlieren system
has a knife edge oriented horizontally so that changes in density in
the transversedirection are emphasized. Pressure measurements are
obtained from several locations throughout the test section includ-
ing the fore, bottom, and aft faces of the cavity and the wall opposite
the cavity. These measurements are made using traditional pressure
taps (0.79-mm diameter) to sense the mean wall static pressure. The
taps are connected to a multichannel Pressure Systems Inc. pres-
sure scanning system. The transducers in this system have quoted
measurementuncertaintiesof less than 0.05% of full scale. Data are
recorded using a computer-controlleddata acquisition system.

Computational Resources

Computationalresults were obtainedusingthe VULCAN Navier-
Stokes code. The code solves the Reynolds-averaged conservation
equations appropriate for calorically or thermally perfect gases with
a cell-centered finite volume scheme. The equation set can be in-
tegrated in a fully elliptic or space-marched manner. The inviscid
fluxes can be evaluated with central differences, Roe’s flux differ-
ence method, or a low-diffusion flux vector split scheme. A variety
of one-equation and two-equation turbulence models can be cho-
sen to describe the turbulent velocity field, and assumed probability
density function options exist for modeling turbulence-chemistry
interactions.Chemically reacting flows can be modeled with global,
reduced,or full finite rate kinetics. The code also contains full multi-
grid capabilities, allowing rapid convergence for steady-state prob-
lems. Further descriptions of the code can be found elsewhere *!

All calculations were performed using the LDFSS of Edwards.*?
The MUSCL parameter k was chosen as one-third to minimize
truncation error, and the Van Leer flux limiter was used to ensure
total variation diminishing. The steady-state solution was advanced
in time using a diagonalized approximate factorization scheme; all
solutions were advanced with a Courant-Friedrichs-Lewy (CFL)
number of 3.5. All simulations assumed that the cavity had infinite

Main
stream

Cavity

Fig. 4 Sample computational grid.

span and were, thus, solved using the two-dimensionalconservation
equations. To match the experimental conditions, the flows were
solved without chemical reactions.

The turbulence model used for this work was the Wilcox k-w
model.** To relax the grid requirementsnear solid surfaces, the wall
matching procedure developed by Wilcox* was used. To account
for the reduced mixing levels associated with high convective Mach
numbers, the compressibility correction of Wilcox** was employed.
This compressibility correction was chosen over the others (e.g.,
Zeman® and Sarkar et al.*®) because it does not adversely affect the
wall-bounded portions of the flow. A turbulent Prandtl number of
0.89 was used for all simulations.

CFD data were generated for all cavity geometries with OR =1.
Computations were initiated at the facility nozzle plenum and ex-
tended to a minimum of ten cavity depths downstream of the cav-
ity trailing edge. When applicable, the parabolized Navier-Stokes
equations were utilized to reduce computational costs. The thin-
layer Navier-Stokes equations were initially employed in the cavity
near field. This reduced equation set was insufficient for describing
the complex recirculating flow within the cavity, requiring the use
of the full Navier-Stokes equation set. The nozzle inflow conditions
were defined by specifying total pressure and temperature and ex-
trapolating velocity from the interior. A zero-gradient assumption
was imposed at the supersonic outflow plane downstream of the
cavity. All surfaces were assumed adiabatic; calculations neglected
spanwise variations.

A typical grid used for the cavity near-field calculationsis shown
in Fig. 4. The grid zone dimensions for the LD3 geometries were
245 x 101 in the mainstreamand 61 x 53 within the cavity. The LD5
geometries used grid sizes of 285 x 101 and 101 x 53 for the main-
stream and cavity, respectively. The grid was refined near all solid
surfaces to maintain acceptable limits (y* value of cell centers ad-
jacentto solid surfacesless than 50) for wall function formulations.
The grids employed for the calculations were found to be sufficient
to essentially eliminate grid-related dependencies. All steady-state
solutions were advanced in time until the L2 norm of the residual
was reduced by at least four orders of magnitude from its initial
value. A global mass continuity check revealed the largest relative
error to be less than 0.05%. Flowfield variables of interest were
also monitored to further ensure that the flow solution had indeed
reached steady-state. Typically, this level of convergence required
7500 flow solver iterations (approximately 30 min turnaround time
on a Cray T90) using a CFL stability constraintof 3.5.

Results and Discussion
Experiments were conducted with a Mach 3 facility nozzle oper-
ated at a stagnationpressure of 690 kPa and a stagnationtemperature
of 300 K for all of the cavity model experiments and computations
discussed in the following sections.

Experimental Visualizations

Figure 5 shows shadowgraph and schlieren photographs of the
flowfield in and around each of the seven cavity geometries studied
in this investigation. The main flow direction in all photographs is
from left to right. The region above the cavity models is free from
disturbancesthat would produce confoundingeffects in the vicinity
of the cavity.
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a) LD3-01-90

b) LD3-01-30

¢) LD3-01-16

[

d) LD3-02-90

f) LD5-01-90

g) LD5-01-16

Fig. 5 Shadowgraph (left) and schlieren (right) photographs of cavity
flowfields.

The visualizationsobtained from model LD3-01-90 (see Table 1)
are presented in Fig. 5a. From these photographs, it appears that the
approaching boundary-layerthickness is roughly of the same order
as the cavity depth. The wave formed at the separation point on
the cavity upstream face appears compressive in nature. An expan-
sion wave would appear lighter than the main flow in a schlieren
photograph due to the acceleration of the flow and corresponding
decrease in density. However, in Fig. 5a, this wave appears darker,
indicating a compression wave. The recompression wave at the aft
corner of the cavity is also visible. Another interesting feature in
these photographs is the curved nature of the waves generated by
the cavity, suggestingcavity oscillations. Wave patterns of this type
have been recently observed in time-accurate computations?’ The
waves were generated by the oscillatory vortex structure within the
cavity.

The effects of decreasing the aft ramp angle to 30 deg for a fixed
L/D can be seen in Fig. 5b. The wave emanating from the sepa-
ration corner remains compressive in nature. Reattachmentappears
to occur inside the cavity along the aft ramp and the recompression
wave is stronger than that shown in Fig. 5a. No oscillatory waves
are present,indicating the relative steadiness of the flowfield around
this cavity.

Results from model LD3-01-16 appear in Fig. 5c. Again, no os-
cillatory waves are present. For this geometry,an expansionwave (as
indicated in the schlieren photograph by its light color) is observed
at the separation corner. The shear layer extends toward the cavity
floor, and the reattachment point is on the face of the aft ramp. The
recompression wave appears stronger in this case compared with
LD3-01-90, and the flowfield appears steadier.

Figure 5d shows the shadowgraph and schlieren photographs
from the LD3-02-90 geometry. The most obvious feature in these
photographsis the strong expansion fan generated at the separation
corner. This is expected because of the downward displacement of
the aft wall relative to the forward wall. The shear layerimmediately
becomes angled with respect to the main flow direction and experi-
ences recompressionnear the aft corner of the cavity. The flow over
this cavity appearssteady in comparison with LD3-01-90. This sug-
gests that increasing the offset ratio influences the behavior of the
vortex structure within the cavity, leading to oscillatory behaviorin
rectangular cavities with unity offset ratio.

When the aft ramp is inclined at 16 deg, the flowfield associ-
ated with the OR = 2 cavity becomes similar to that of LD3-O1-16
with the exception of a much stronger expansion fan at the sepa-
ration corner. Figure 5e shows the representative shadowgraph and
schlieren photographs for this geometry. The recompression wave
again appears stronger in the case with the 16-deg aft ramp com-
pared with the 90-deg aft ramp (see Figs. 5d and 5e). Also, the flow
again appears steady in that no oscillatory waves are evident.

With L/D =5 in a rectangular cavity, the shear layer spanning
the cavity is slightly inclined with respect to the crossflow, and
a compression wave occurs at the separation corner (see Fig. 5f).
Some cavity oscillations are evident.

Figure 5g shows the flow structure of model LD5-01-16. Oscilla-
tory waves are again absent, indicating a relatively steady flowfield
around the cavity. The wave at the separation corner is an expansion
wave (as indicated in the schlieren photograph by its light color) of
similar strength to the one formed in LD3-O1-16. The shear layer
has a slight declination and the recompression point is again on the
angled aft ramp. The recompression wave appears stronger in this
case when compared with LD5- O1-90.

Computational Visualizations

Pressure contours and cavity stream traces are shown in Fig. 6
for each configuration simulated. The experimental data suggested
that the rectangular cavity geometries were characterized by some
level of unsteadiness. This is common for cavities of the open type.
The calculations, however, did not show any signs of large-scale
unsteadiness. This phenomenon is not uncommon when standard
eddy-viscosity-basal turbulence models are employed for flows of
this type +?® Although steady-state flowfields were predicted for the
rectangular geometries, the cavity flow structureis markedly differ-
ent from the shallow aft wall angle geometries. In particular, the
rectangularcavity with L /D = 3 showed two large counter-rotating
vortices, whereas the cavities with angled walls consist of a primary
vortex and a smaller secondary vortex near the front wall/bottom
wall joint. The larger L /D cavities showed similar trends, although
the secondary vortex in LD5-O1-90 was much smaller than in LD3-
01-90.

Wall Pressure Data

Figure 7 shows the distributionsof normalized wall static pressure
P/P,, for all cavities. Measurements are shown as open circles;
CFD results appear as solid lines. In Figs. 7a-7g, the wall static
pressures are normalized by the freestream static pressure, and the
results are plotted as a function of the effective distance (measured
from the cavity upstream separation corner along the cavity wall).
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Fig. 6 Computed stream traces and pressure contours.

The plots are divided into fore, bottom, and aft faces using dashed
verticallines. At various locations, several pressure taps were placed
at spanwise positions, up to one step height offaxis, to assess the
spanwise symmetry of the flow over that region.
TheresultsfromLLD3-0O1-90appearin Fig. 7a. Asnotedin Fig. 5a,
a compression wave forms at the separation corner resulting in in-
creased pressures (relative to freestream static pressure) in the cav-
ity. Pressure decreasesalong the cavity bottom wall. The shear layer
experiences recompression at the aft wall, leading to higher pres-

sures on the aft face. The CFD result reveals the insufficient spatial
resolution of the pressure taps near the cavity aft face. The corner
near the cavity floor (effective distance of 1.4 in.) shows this most
clearly. The flow in this vicinity mimics an idealized stagnation
point flow, resulting in a local pressure peak at the aft wall corner
and an increase in cavity form drag.

As the aft angle is decreased to 30 deg (see Fig. 7b), the wave em-
anating from the separation cornerremains compressive (as noted in
the visualizations). The behavior within the cavity appears similar
to that shown in Fig. 7a, although at a slightly reduced pressure. Fi-
nally, the recompressionoccurs quickly as the shear layerreattaches
onto theramp. Again, the calculationpredicts the same reattachment
location as observed in the measurements. The pressure data from
the taps placed off the cavity centerline collapse well. This suggests
that, at least on the cavity centerline, a two-dimensional solution is
appropriate. The decreasein ramp angle is accompaniedby a weaker
pressure rise at the bottom/aft wall corner.

The data presented in Fig. 7¢ are from LD3-01-16. In this geom-
etry, the pressure on the forward face of the cavity is lower than that
shown in Fig. 7a. This agrees with the visualizationsthat showed an
expansionwave forming at the separationcorner. The pressurealong
the cavity floor is essentially constant at the same level as that of
the upstream face. Recompression occurs on the 16-deg ramp lead-
ing to locally high pressure levels. Again, numerical results agree
closely with measurements,and spanwisesymmetry is evidentin the
experimental data suggesting a high degree of two-dimensionality.

Figures 7d and 7e present the pressure distributions from the
cavities with OR = 2. The expansion wave emanating from the sep-
aration corner is much stronger than observed with OR = 1. The
pressure on the lower wall of the cavity appears to drop slightly
as the flow approaches the aft wall, where recompression occurs.
Figure 7e shows the effects of decreasing the ramp angle from 90 to
16 deg. The effects are largely confined to the aft wall recompres-
sion region. The expansion from the separation corner appears un-
influenced by the reduced ramp angle. Two dimensionality is again
suggested from the collapse of the off-centerline pressure data. The
low pressure level on the fore wall suggests a relatively large form
drag associated with OR =2 cavity geometries.

Figure 7f shows the results of increasingthe L/D to 5 in a rect-
angular geometry with OR = 1. The compression wave emanating
from the separation corner is stronger in LD5-O1-90 as suggested
by the higher pressure level on the cavity fore wall. The bottom wall
appearsto be atarelatively constantpressureuntil the aft wall, where
the vortex structureresults in a pressurerise. Finally, recompression
causes a higher pressure on the aft wall in this case than in Fig. 7a.

The pressuredistributionsfrom LD5-O1-16appearin Fig. 7g. The
expansion wave at the separation corner is similar in strength to the
one generatedby LD3-01-16, as inferred from the pressure level on
the upstream face of the cavity. The pressure distribution along the
cavity bottom wall is relatively constant and recompressionappears
slightly stronger than in LD3-01-16. Thus, for a fixed cavity depth,
offset ratio, and aft wall ramp angle, the increased length appears
to increase the pressure in the recompression region, whereas no
influence is observed on the upstream face of the cavity. Therefore,
the form drag created by LD5-O1-16 is higher than that of LD3-
O1-16. However, because the shear layer length has increased, the
entrainment of freestream fluid into the longer cavity is expected to
increase.

Overall, the calculationsreproduced all of the trends observedin
the experiments, including a weak compression wave at the separa-
tion corner for geometries with aft wall angles of 90 and 30 deg, an
expansion wave at the separationcorner for cavities with an aft-wall
angle of 16 deg, essentially constant pressure along the lower cavity
surface, and rapid compressionalong the aft wall due to shear-layer
reattachment. Because unsteady results were expected for at least
the rectangular geometries studied, the Reynolds-averaged simula-
tion effort was not entirely successful. However, the quantitative
agreement with the wall pressure measurements suggests that the
time-averaged flowfield is well predicted. This comparison offers
confidence that the simulationscan be used to extractdata that would
be difficult to obtain by experimentalone. In particular, information
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involving cavity residence time, and to a lesser extent drag, are dif-
ficult to deduce from a sparse set of surface measurements and flow
images.

Cavity Residence Time

Cavity residence time is defined as the time scale associated with
the decay rate of cavity fluid due to mass exchange with the main-
stream. Winterfeld® studied flameholders in both isothermal and
combusting flows. Results showed that residence time increased in
the combusting cases whereas the exchangerate between the flame-
holderrecirculationzone and the oxidizerstream decreased. Should
this trend hold in the study of flameholders for scramjet applications,
the residencetimes deducedin this cold-flow investigationwould be
less than those encountered during combustion (whereas the mass
exchangerates would be overestimated). Nonetheless, the residence
time deduced from a cold-flow CFD simulation can be used as input
for simpler models to analyzekinetic issues within the cavity. In this
case, the highly viscous cavity flow closely approximates the con-
ditions required to use a perfectly stirred reactor concept53” Such
a model can rapidly assess whether the cavity is of sufficient size
to sustain combustion for a given fuel over some pressure and/or
equivalence ratio range. In a cold-flow environment, the conserva-
tion equation governing a chemical species can be written as

om_ (1)
dr T
(where t is residence time). Integration of Eq. (1) yields an expo-
nential decay for the cavity mass:

m ~ exp[—t/7] (2)

Therefore, if the mass (or mass flow rate) is known as a function of
time, then the residencetime can be deduced. In this work, the cavity
residence times were extracted from the CFD data in the following
manner. Starting from a steady-state solution (or a solution where
the oscillations are self-sustaining), the flow initially presentin the
cavity is tagged. The simulation is then executed in a time-accurate
mode, and the tagged cavity fluid is monitored as itexits the domain.
The time history of the cavity fluid mass is least-squares fit using
Eq. (2) to find the residence time.

The residence times deduced from the CFD data are summarized
in Table 2. The results show a consistent decrease in residence time
as the aft ramp angle is reduced. The primary reason for this behav-
ior lies in the structure of the recirculating flow within the cavity.
The mass entrainment into the cavity is roughly proportional to the
mainstreamvelocity® Thus, cavity geometries that exhibit one large
primary recirculationzone (i.e., geometries with small aft ramp an-
gles) will exchange mass more readily than cavity geometries with a
large embedded secondary vortex. The velocity on either side of the
interface between the cavity vortices is much smaller than the main-
stream velocity. Thus, the exchange rate between the two vorticesis
less than the exchangerate between the cavity and the main stream.
Figure 8 shows the mass distribution within the LD3-01-90 cavity

Table2 Calculated performance

Pressure-drag ~ Viscous drag

Name T,ms coefficient coefficient
LD3-01-90 1.24 0.0166 —3.7e—04
LD3-01-30 0.95 0.0272 —6.2¢—04
LD3-01-16 0.77 0.0435 —4.4e—04
LD5-01-90 1.04 0.0277 —8.1e—04
LD5-01-16 0.89 0.0490 —4.7e—04

Fig. 8 LD3-01-90 fuel distribution.

after approximately3 ms have elapsed. The mass exchangebetween
the vortices limits the net mass exchange rate with the crossflow.
This phenomenon may be used to enhance the residence time while
maintaining relatively small cavities. However, a scheme that takes
advantage of this feature must also overcome the problem of trans-
porting the appropriate combustible mixture into these structures.
Previous simulations in subsonic combustors have shown that the
sizes of the two vortices alternate in time. Thus, a time-dependent
simulation is required to assess the influence of unsteadinesson the
cavity flow.

Increasing the cavity length did not significantly alter the resi-
dencetime becausethe residence time is primarily dependenton the
cavity depth. Lengthening the cavity increases its volume (increases
7), but the mass exchange rate is also increased (decreases t). The
secondary vortex in cavity LD3-O1- 90, rather than the dimensions
of the cavity itself, causes the larger difference in residence time
between the rectangular cavities.

Cavity Drag

Drag coefficients (drag force normalized by the freestream dy-
namic pressure and cavity fore wall area) for each cavity configura-
tion appear in Table 2. As expected, the wave drag is the dominant
component. The friction forces actually produce thrust due to the
flow recirculation within the cavity. As the aft wall angle is reduced,
the drag increases due to higher pressures acting over a larger frac-
tion of the aft wall area. This results from the flow expansioninto the
cavity. Increasing L/ D (for fixed depth) increases the drag slightly
because the shear layer expands deeper into the cavity and exposes
more of the aft wall to high pressures. A substantialincreasein drag
would appearif L/ D were increased to the point of a closed cavity.

In general, decreasing the aft wall angle should promote both a
more acoustically stablecavity flow (and subsequentstable burning)
and improved entrainment because the shear layer impinges deeper
into the cavity. However, smaller aft wall angles reduce cavity pres-
sure. Furthermore, smaller aft wall angles increase the cavity drag
and are expected to result in higher heat transfer rates to the cavity
aft wall due to shear-layer reattachment. Based on these observa-
tions, a strong interdependenceappears to exist between the desired
cavity flameholder performance parameters and the cavity aft wall
angle.

Conclusions

Flowfield properties of various cavity geometries were experi-
mentally and computationally evaluated under Mach 3 flow con-
ditions. Their flow characteristics were visualized using schlieren
and shadowgraph techniques. The wall static pressure distributions
were measured both along and off of the spanwise symmetry plane
to assess the symmetry of the flowfield. Results indicate that the
aft ramp angle plays a strong role in determining the character of
the shear layer that spans the length of the cavity. Reductionsin the
aft ramp angle below 90 deg yield more stable, two-dimensional
flowfields. The characteristics of the separation wave also change
from compressiveto expansiveas the aft ramp angle is reduced. The
cavity fore wall pressure steadily decreases with decreasing ramp
angle. Calculated residence times and drag coefficients also high-
light the importance of the aft ramp angle. Reductionsin ramp angle
resultin higher drag coefficients and shorter residence times within
the cavity. However, the flowfield becomes increasingly stable and
two-dimensional.

For rectangular cavities, recompressionis rapid with strong pres-
sure gradientsnear the aft wall. These cases are also visibly unsteady
as evidenced by the flow visualizationsand the periodic waves that
interact with the main separation and recompression shocks.

Changes in the offset ratio (OR) cause more drastic changes to
the cavity flowfield. The separation wave is observedto be relatively
strong and expansive in nature. The cavity fore wall experiences a
much lower pressure in these cases than in any of the configurations
where OR = 1. The shear layerdips much furtherinto the cavity. The
aft ramp angle has less influence on the overall cavity performance
in these cases: no appreciablechange in the pressure at the upstream
face occurred as the ramp angle was decreased from 90 to 16 deg.



GRUBER ET AL. 153

The recompression wave structure changed slightly in response to
the decrease in aft ramp angle.

Experimental and computational pressure distributions agree
closely for all configurations studied. Such agreement lends to con-
fidence in the treatment of the turbulence modeling for obtaining
time-averaged information, for example, wall pressure. Minor dis-
crepancies were noted in the reattachment predictions in cavities
with 90-deg ramp angles and OR = 1.

Future work on these configurations will involve measurements
of entrainment rate, residence time, mixing behavior, and velocity
field. Acoustic pressure levels will be characterized to substantiate
the observed stabilizing effects of the aft ramp angle. Calculations
will be extended to predictions of the unsteady flowfield using a
large eddy simulation.
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