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Low-velocity � ows in the cavities of a combustor can aid in establishing stable � ames. However, un-
steady � ows in and around cavities may destabilize these � ames. By proper cavity design it is possible to
lock (trap) the vortices spatially and, thereby, stabilize the � ames. The spatially locked vortices restrict
the entrainment of main air into the cavity. For obtaining good performance characteristics with a
trapped-vortex combustor, a suf� cient amount of fuel and air must be injected directly into the cavity.
This mass injection can alter the dynamic characteristics of the � ow inside and around the cavity. The
present study employed a numerical simulation to investigate the vortex dynamics of a cavity into which
� uid mass is directly injected through jets. A third-order-accurate, time-dependent, computational � uid
dynamics with chemistry code was used for simulating the dynamic � ows associated with an axisymmetric,
centerbody trapped-vortex combustor under nonreacting and reacting conditions. It was found that mass
injection increases the optimum size (width-to-diameter ratio) of the cavity. Injection of small amounts
of � uid into a nonoptimum cavity increases the unsteadiness of the � ow. Fluid injected into the optimum-
size cavity is transported along the outer core of the vortex, providing more ef� cient mixing and a longer
residence time for the fuel/air mixture. It was also found that use of thinner afterbodies results in the
cavity � ow being more dynamic. Calculations made with a global-chemistry model revealed that at higher
annulus air velocities, combustion is limited to the cavity region. As in the case of cold � ows, the injection
jets in reacting � ows are pushed outward from the center when the cavity size is small.

Nomenclature
A = coef� cient used in � nite difference equation
Cp = pressure coef� cient
cp = speci� c heat of the mixture
D = diffusion coef� cient
D0 = forebody diameter
dA = incremental area
H = enthalpy
h = total enthalpy

0h f = heat of formation at standard state
Le = Lewis number
M = molecular weight
Ns = total number of species
p = pressure
R0 = universal gas constant
r = radial distance
Sn = number of wall surfaces
S = source term in equation
T = temperature
t = time
u = axial velocity component
V = velocity
v = radial velocity component
Xc = cavity length
Y = mass fraction
z = axial distance
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= transport coef� cient in equation
H = disk thickness

= thermal conductivity
= viscosity
= density
= represents a � ow variable

Ç = net rate of production of a species

Subscripts
i = ith species
j = jth reaction
P = reference grid point
w = wall
z , r = grid points adjacent to P in z and r directions,

respectively
z , r = two grid points away from P in z and r

directions, respectively
z , r = grid points adjacent to P in negative z and r

directions, respectively
z , r = two grid points away from P in negative z and r

directions, respectively
= freestream

Superscript
N = time-step number

Introduction

U NSTEADY � ow in and around cavity-type geometries
occurs in a variety of applications such as slotted wind

tunnels, slotted � umes, bellow-type con� gurations, and aircraft
engine and airframe components. In particular, the unsteady
� ow in aircraft combustors limits fuel-lean operation and de-
grades � ame-stability characteristics. Recently, a simple, com-
pact, and ef� cient method of using cavities to stabilize com-
bustion was proposed by Hsu et al.1 Because this concept uses



274 KATTAAND ROQUEMORE

Table 1 Transport coef� cients and source terms in governing equations
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a vortex that is trapped in a cavity to stabilize the � ame, it is
referred as the trapped-vortex (TV) concept. Several investi-
gators have recognized the aerodynamic advantages of locking
the vortices inside and around the cavity in a nonreacting
� ow.2–4 Experiments of Rohsenow et al.2 have shown that
when two circular ori� ces are placed in series in a pipe, a large
recovery of pressure occurs across the second ori� ce in certain
circumstances; hence, the overall pressure drop is considerably
less for the two ori� ces than for a single one having the same
� ow. In ribbed diffusers, Migay3 found that balancing the � uid
removed by entrainment and the � uid entering the cavity by
reversed � ow ensures that the � ow outside the cavities will
follow the ribs fairly closely, and a good pressure recovery
will be achieved. Mair4 showed that by mounting a disk behind
the base of a blunt body, the drag of the blunt object can be
reduced. Using similar concepts, Roshko and Koenig5 reported
a reduction in drag of blunt forebodies when disks were placed
on spindles ahead of the bodies.

Little and Whipkey6 conducted extensive investigations on
the dynamic nature of � ows over bluff bodies using smoke-
� ow visualization and laser– velocimetry (LV) techniques. Be-
cause of the limitations of the smoke tunnel, they employed
reduced-� ow conditions ( 0.3 m/s) and half-scale geometries
for the � ow-visualization studies and full-scale geometries and
turbulent � ows ( 30 m/s) for the time-averaged drag mea-
surements. Based on these reduced and full-scale experiments,
they correlated the afterbody drag and the motion of the vortex
in the wake region and postulated that a minimum-drag con-
dition is established when the wake vortices are locked be-
tween two disks mounted in series on a spindle. They also
suggested that the cavity formed between the disk and the bluff
body should be of such dimensions that the locked vortex
would effectively � ll the cavity. Based on reduced-scale, � ow-
visualization experiments on cavities formed between a fore-
body and an afterbody, Little and Whipkey correlated the drag
and motion of the vortex in the cavity region and postulated
that a minimum-drag condition is established when the cavity
vortices are locked between the two bodies. Katta and Roque-
more7,8 used direct numerical simulations to investigate the Lit-
tle and Whipkey experiments under turbulent-� ow conditions.
The simulations successfully predicted that a cavity having a
length-to-diameter ratio of 0.45 becomes stationary and that
the pressure-drag coef� cient is reduced to a minimum value
when the vortices are locked inside and around the cavity. This
suggests that the relationship between the minimum drag co-
ef� cient and the vortex motion is also valid in the case of
turbulent � ows. These simulations demonstrated the capability
of numerical simulations in the study of the dynamic processes
associated with cavities.

Two major differences exist between � ows associated with
airframe cavities and those associated with the combustor cav-
ities. First, the heat release and higher viscosity of the com-
bustion products associated with the partial burning that takes
place in the cavities could alter the vortex dynamics. As a
result, the criterion for trapping a vortex in a heated � ow
would differ from that for trapping a vortex in a cold � ow.
Secondly, it is known that a locked vortex entrains a minimum

amount of � uid from the main � ow; hence, to achieve contin-
uous combustion in trapped-vortex combustors, fuel and air
must be directly fed into the cavity. Experimental investiga-
tions of Hsu et al.1 also indicate that a TV combustor operates
most ef� ciently when fuel and air are injected directly into the
cavity. However, direct injection of mass (air and/or fuel) into
the cavity could alter the geometrical criterion derived for
locking vortices inside passive cavities, i.e., without injection.

The purpose of this study was to investigate the dynamics
of cavity � ows as jets are directly injected into the cavity. A
third-order-accurate, time-dependent, computational � uid dy-
namics with chemistry (CFDC) code and a large number of
grid points were used to investigate the � ow� elds in a research
TV combustor1 under nonreacting and reacting � ow condi-
tions.

Modeling
A time-dependent, axisymmetric mathematical model that

solves for axial- and radial-momentum, continuity, and en-
thalpy- and species-conservation equations is used to simulate
the � ow� elds in the TV combustor. The governing equations,
written in a cylindrical-coordinate system, are as follows:

u 1 (r v)
= 0 (1)

t z r r

( ) ( u ) 1 (r v )

t z r r

= r S (2)
z z r r

Here u and v are the axial and radial components of the ve-
locity vector, respectively. The general form of Eq. (2) repre-
sents the momentum, the species, or the energy-conservation
equation, depending on the variable used in place of . In
Table 1 the transport coef� cients and the source terms S
that appear in the governing equations are given.

The partial set of equations represented by Eqs. (1) and (2)
can be completed using the global-species-conservation equa-
tion

N 1s

Y = 1.0 Y (3)N is
i

and the state equation

Ns Yi
p = TR (4)0

Mi1

where Yi and Mi are the mass fraction and molecular weight
of the ith species, respectively. While density is obtained by
solving the state equation [Eq. (4)], the pressure � eld at every
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Fig. 1 Computed and measured velocity � elds around forebody–

spindle– disk geometry for a) smaller-than-optimum and b) opti-
mum size cavities. c) Change in pressure coef� cient for different
cavity sizes. Experimental data are taken from Ref. 6.

time step is determined from pressure Poisson equations. Even
though governing equations are solved in an uncoupled man-
ner, species-conservation equations are coupled through the
source terms during the solution process to improve the sta-
bility of the algorithm. Temperature- and species-dependent
thermodynamic and transport properties are used in this for-
mulation. The enthalpy of each species is calculated from poly-
nomial curve � ts; the viscosity, thermal conductivity, and dif-
fusion coef� cients of the species are estimated from the
Lennard– Jones potentials.

In the present work reacting � ows were simulated using the
following global-chemical-kinetics model involving propane,
oxygen, water, carbon dioxide, and nitrogen:

C H 5O 17.73N Þ 3CO 4H O 17.73N (5)3 8 2 2 2 2 2

The speci� c reaction rate for Eq. (5) is written in Arrhenius
form with a very large pre-exponential factor.

The governing equations are integrated using an implicit
QUICKEST (quadratic upstream interpolation for convective
kinematics with estimated streaming terms) numerical
scheme,9,10 which is third-order accurate in both space and time
and has a very low numerical-diffusion error. An orthogonal,
staggered-grid system with rapidly expanding cell sizes in both
the z and r directions is utilized for discretizing the governing
equations. After rearrangement of terms, the � nite difference
form of the governing equation for the variable at a grid
point P can be written as an algebraic equation as follows:

N 1 N 1 N 1 N 1 N 1A A A A AP P z z z z z z z z

N 1 N 1 N 1 N 1A A A Ar r r r r r r r

N= S t (6)P P P

The time increment t is determined from the stability constraint
and maintained as a constant during the entire calculation. The
superscripts N and N 1 represent the known variables at the
Nth time step and the unknown variables at the (N 1)th time
step, respectively; the subscripts z and z indicate the values
at the grid points immediately adjacent to point P in the pos-
itive and negative z directions, respectively. Similarly, the sub-
scripts z and z represent the values at two grid points from
P in the respective directions. The coef� cients A and the terms
on the right-hand side of the previous equation are calculated
from the known � ow variables at the Nth time step. The pre-
ceding equations for Ns 2 variables are solved individually
using an iterative alternative direction implicit technique. The
pressure � eld at every time step is accurately calculated by
simultaneously solving the system of algebraic pressure Pois-
son equations at all grid points using the lower– upper (LU)
decomposition technique.

Flat-velocity pro� les are used at the main and primary
in� ow boundaries. A simple extrapolation procedure11 with
weighted zero- and � rst-order terms is employed to estimate
the � ow variables at the out� ow boundary. The usual no-slip,
adiabatic, and chemically inert boundary conditions are applied
at the walls.

Model Validation
The CFDC code developed on the basis of the methodology

described in the previous section was used previously to in-
vestigate various dynamic � ows in both reacting and nonreact-
ing environments. In conjunction with global-chemistry10 and
� nite rate chemistry12 models, the code was successfully used
to predict the dynamic characteristics of jet diffusion and pre-
mixed � ames. After incorporation of a � nite rate global chem-
istry model, it was also used to investigate the attached and
lifted � ames in a swirl-stabilized step combustor,13 and a rea-
sonable correlation between experimental results and calcula-
tions was obtained.

Nonreacting � ow calculations for geometries similar to the
one employed in the present investigation showed that the vor-
tex shedding behind a bluff body can lead to a higher drag
coef� cient.7 Those simulations also demonstrated that by
proper choice of cavity size, the vortices within the cavity and
behind the afterbody can be locked and, thereby, the drag co-
ef� cient of the forebody– spindle– disk combination decreased.
For different cavity sizes the predicted dynamics of the vor-
tices formed inside the cavity and behind the forebody com-
pared well with the results of smoke visualizations and LV
measurements of Little and Whipkey.6
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Fig. 3 Instantaneous nonreacting � ow� elds obtained for small-
size cavity a) without and b) with cavity injection.

Fig. 2 Geometry and grid system used for studying effects of
injection on dynamic characteristics of � ows in cavity formed be-
tween the forebody and afterbody of an axisymmetric trapped-
vortex combustor.

Typical results obtained for the forebody– spindle– disk ge-
ometry of Little and Whipkey are shown in Fig. 1 along with
the corresponding experimental data. An annular air velocity
of 30 m/s was used in both the calculations and the experi-
ment. As discussed previously, � ow within the cavity and be-
hind the disk became dynamic for cavity sizes other than the
optimum one. The � ow� eld obtained for a smaller-than-opti-
mum (Xc/D0 = 0.35) size cavity is shown in Fig. 1a, and that
for the optimum (Xc/D0 = 0.6) one is shown in Fig. 1b. Here,
the computed velocities (shown in the lower half) are obtained
by time-averaging over 8000 instantaneous solutions, and the
measured velocities (upper half) represent the time-averaged
LV data. Figures 1a and 1b suggest that calculations have cap-
tured the key features of these dynamic � ows; namely, a steady
� ow in the optimum-size cavity, an unsteady � ow in the
smaller-than-optimum size cavity, multiple-vortex structure
within the cavities, and the direction of rotation of the vortices.
Note that in the smaller-than-optimum size cavity, the larger
vortex is rotating in the direction opposite that in the optimum-
size cavity. Interestingly, time-averaged calculations using the
k- model failed to predict these features. Details of these cal-
culations were given in Ref. 7.

Changes in the pressure drag coef� cient resulting from the
addition of different size cavities to the forebody are shown in
Fig. 1c. Both the calculations and the experimental results in-
dicate that the drag coef� cient becomes minimum for Xc/D0

0.6. In addition, calculations predicted a sudden increase in
the drag coef� cient for Xc/D0 0.5. Even though the experi-
mental data did not show such a spike in the drag-coef� cient
curve, additional measurements6 made with a slightly thicker
spindle yielded similar spikes. Overall, the dynamic calcula-
tions performed on forebody-spindle-disk geometries using the
CFDC code described earlier have yielded satisfactory results.
The grid spacing of 0.9 mm in the z and r directions used
in these simulations was found to be suf� cient to capture the
large-scale structures whose physical size is greater than the
length scales that are an order of magnitude smaller than the
cavity height. Because the code and the calculation method-
ology adopted in the present investigations of injection effects
on cavity � ows are essentially the same as those used for the
forebody-spindle-disk cases, the accuracy of the results pre-
sented in this paper is expected to be comparable to that ob-
tained in the earlier work.7 In addition, a grid spacing of 0.5
mm (nearly half of that used in the previous studies on locked
vortices) in the z and r directions was used in the present
simulations primarily to resolve the injection jets.

Results and Discussion
The geometry chosen for the present study is similar to that

of the TV combustor designed by Hsu et al.,1 and to that used
by Little and Whipkey6 in their cold-� ow experimental inves-
tigations on locked vortices. It consists of a 70-mm-diam � at
cylindrical forebody enclosed in an annular cylindrical tube
having an 80-mm i.d. An afterbody disk having a diameter and
thickness of 50.8 and 20 mm, respectively, is attached to the
forebody using a 9-mm-diam centerbody. The size of the cav-
ity formed between the forebody and the afterbody is varied
by moving the latter toward or away from the former. Air� ow
over this body develops vortices inside the cavity and behind
the afterbody; normally these vortices shed, and the � ow be-
comes dynamic in nature. The velocity of the air used in the
annular gap between the forebody and the surrounding tube is
40 m/s. Primary air and fuel (propane) are injected into the
cavity from the afterbody. Fuel and air are carried to the af-
terbody through a central tube that connects the afterbody to
the forebody. The geometry and the grid system used are
shown in Fig. 2. Variation of the grid spacing was adopted in
both the axial z and radial r directions to cluster the grid points
in the cavity and near the walls.

In the experiments of Hsu et al.,1 fuel and air were intro-
duced into the cavity from concentric holes on the afterbody.

However, in the present axisymmetric simulations, these in-
jection holes are grouped into three annular ring jets with the
fuel jet sandwiched between the airjets. Based on the hole size
and mean distance from the centerline, the reconstructed an-
nular jets of 1-mm thickness are located in the afterbody, as
shown in Fig. 2. The centers of these three annular jets (A, B,
and C) are located 11, 14, and 19 mm from the axis of sym-
metry, respectively. Jets A and C represent air, and jet B rep-
resents fuel (propane) in the experiment and in the combust-
ing-� ow calculations; however, for simpli� cation, all three jets
are assumed to be airjets in the nonreacting calculations. Exit
velocities for jets A, B, and C are 12.4, 5.0, and 12.4 m/s,
respectively. This fuel and air injection results in a global (or
overall) equivalence ratio of 0.2 in the combustor and a pri-
mary equivalence ratio (de� ned as the fuel-to-air ratio injected
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Fig. 5 Instantaneous nonreacting � ow� elds obtained for large-
size cavity a) without and b) with cavity injection.

Fig. 4 Instantaneous nonreacting � ow� elds obtained for medium
(optimum)-size cavity a) without and b) with cavity injection.

into the cavity relative to the ratio required for stoichiometric
combustion) of 4.4 in the cavity.

Starting from a uniform initial � ow� eld in the combustor,
direct numerical simulations are made for different cavity sizes
and injection conditions. For obtaining results not biased by
the initial uniform � ow� eld, initial calculations for 25,000 time
steps (corresponding to 0.600 s of real time) were discarded
prior to recording the dynamic solutions. Calculations were
then continued for another 5000 time steps for data-analysis
purposes.

For understanding the in� uence of � uid injection on � ow
dynamics, calculations were made for different injection con-
ditions and afterbody locations. A 341 101 grid system was
used in the calculations. Instantaneous � ow� elds obtained for
three cavity sizes are shown in Figs. 3, 4, and 5. Hsu et al.1

found that the cavity size given in Fig. 4 yielded optimum
performance under combustion conditions. The width-to-di-
ameter (forebody) ratio of this cavity is 0.57. The smaller and
larger cavities shown in Figs. 3 and 5 have width-to-diameter
ratios of 0.285 and 0.855, respectively. The � ow� elds obtained
for small-, medium-, and large-size cavities with cavity injec-
tion are shown in Figs. 3b, 4b, and 5b, respectively. In these
� gures instantaneous velocity � elds are shown on one side of
the combustor, and traces of the particles injected from differ-
ent locations are shown on the other side.

Passive Flows in Cavity

It is known that passive-cavity � ows (without injection or
combustion) become unsteady for cavity sizes that are smaller

or larger than the optimum. Instantaneous results obtained for
the smaller-size cavity (Fig. 3a) indicate that the � ow� eld is
quite complex as a result of the formation of several vortices.
Because of the presence of the cavity, the main � ow is ex-
panded toward the centerbody which, in turn, results in � ow
separation on the outer wall. Interestingly, � uid in the cavity
is rotating counterclockwise and is separated from the main
� ow by two other vortices that are rotating naturally in the
clockwise direction. Several instantaneous solutions of this
� ow revealed that the vortices in the cavity are not shedding
but moving back and forth within the cavity. This is expected
because the expanding main � ow con� nes the cavity vortices
by impinging on the thick afterbody (20 mm). Further calcu-
lations made with a thinner afterbody resulted in signi� cant
vortex shedding from the cavity. Because of the lack of vortex
shedding from the cavity, only a few particles that are injected
into the main � ow enter the cavity. However, the widely dis-
tributed particles behind the afterbody suggest that the � ow is
quite dynamic.

For the medium- and large-size cavities, only one major vor-
tex is formed within the cavity. The � ow is unsteady because
this vortex is moving inside the cavity. The particle traces sug-
gest that the � ow around the large-size cavity (Fig. 5a) is more
dynamic than that around the medium-size cavity (Fig. 4a). In
the latter case, the main � ow is expanding and entering the
cavity slightly upstream of the forebody. The particles injected
into the main � ow are directly entering the cavity. This means
that the size (width) of the cavity might be larger than the
optimum size for trapping the vortices. This cavity size was
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Fig. 9 Effect of afterbody thickness on pressure coef� cient. H1,
H2, and H3 represent 20-, 10-, and 5-mm thicknesses, respectively.

Fig. 8 Comparison of pressure coef� cients predicted with air and
propane injections for two different cavity sizes.

Fig. 7 Effect of injection mass on pressure coef� cient.

Fig. 6 Variation of pressure coef� cient for different cavity sizes
without and with injection.

determined experimentally to be optimum in a combustion en-
vironment. However, it may not represent the optimum size
for a nonreacting � ow environment. The major differences be-
tween cold and combusting � ows from a cavity-� ow dynamics
viewpoint are 1) the damping effect of heat release on � ow
instabilities, and 2) the addition of mass into the cavity from
primary-fuel and air injections.

Effect of Injection on Cold Flows in a Cavity

For understanding the mass-addition effects of jets on cav-
ity-� ow dynamics, calculations were made with air injections
for the cavity sizes shown in Figs. 3a, 4a, and 5a; the resulting
instantaneous � ow� elds are plotted in Figs. 3b, 4b, and 5b,
respectively. The convective transport of the injected � uids is
visualized by representing the particles that are released from
jets A, B, and C by symbols A, B, and C, respectively. Note
that the particles released from the main � ow are represented
by open circles.

The addition of mass into the cavity increased the unstead-
iness of the � ow in the cases of small- and large-size cavities
(Figs. 3b and 5b, respectively). This is evident from the in-

crease in the number of main-� ow particles (open circles) in
the cavity. Very few main-� ow particles enter the medium-size
cavity (Fig. 4b) when injection is introduced. This suggests
that mass addition has a stabilizing effect on the � ow in the
medium-size cavity and a destabilizing effect in the other two
cases. The particle trajectories also reveal that the mass in-
jected from the three jets is distributed more in the small- and
large-size cavities than in the medium-size one. In fact, the
three jets are con� ned to the outer core of the trapped vortex
(Fig. 4b), and only particles released from jet C are entrained
into the wake behind the afterbody. Based on these calcula-
tions, one might intuitively predict the scenario for the com-
busting cases. For an overall equivalence ratio of 0.2, the in-
creased mixing between the primary jets and the cavity � ow
in the nonoptimum cavities could locally make the mixture
fuel-lean. When the cavity becomes unsteady, one might ex-
pect signi� cant intermittent burning, which, in turn, leads to
poor combustion ef� ciency. In the medium-size-cavity case,
all three jets are transported stably around the cavity vortex,
which enhances the mixing of jets. As the fuel and air are
injected at a primary equivalence ratio of 4.4, the mixture is
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Fig. 10 Reacting � ow� elds obtained for different main-� ow velocities. In each plot temperature variation between 300 K (blue) and 2000
K (red) is shown with rainbow color palette. Instantaneous and time-averaged data are shown in upper and lower halves, respectively. a)
Medium- and b) small-size cavity � ows for a main-� ow velocity of 40 m/s. c) Medium- and d) small-size cavity � ows for a main-� ow
velocity of 30 m/s. e) Medium- and f ) small-size cavity � ows for a main-� ow velocity of 20 m/s.

expected to burn steadily in the outer core of the cavity vortex,
and combustion would occur at the maximum extent, depend-
ing on the physical dimensions of the cavity or the residence
time. The experiments of Hsu et al.1 clearly demonstrated these
features of the TV combustor. They obtained stable and intense
burning when fuel and air were injected into the medium-sized
cavity at a primary equivalence ratio of 4.4.

Flow unsteadiness in combustors not only causes the � ames
to burn inef� ciently but also increases the pressure force across
the combustor. The pressure coef� cient Cp is calculated using
the expression

Sn
1

Cp = (p p ) dA (7)w2V1

Here, pw and p correspond to wall and freestream pressures,
respectively, and Sn represents the number of wall surfaces in
the computational domain. The calculated Cp as a function of
time is shown in Fig. 6 for the six cases discussed earlier. The
solid curves of this � gure represent the pressure coef� cient in
the absence of cavity injection. It should be noted from the

plot that the small cavity has the lowest Cp. However, when
injection is included, the pressure coef� cient of the small cav-
ity increases slightly, remains at the same higher level for the
large cavity, and decreases signi� cantly in the medium-size
cavity. In fact, the medium cavity with injection has the lowest
pressure coef� cient among the six cases considered.

Even though the medium-size cavity with injection yielded
the lowest Cp, it still does not exhibit a perfectly steady � ow
pattern. This could be caused by either insuf� cient or excess
mass injection into the cavity. For understanding the effect of
mass injection on � ow dynamics, two additional calculations
were made for the medium-size cavity with injections of 50
and 180% of the mass used in the calculations shown in Fig.
6. The pressure coef� cients for different injection cases are
plotted in Fig. 7. These calculations suggest that 1) the fre-
quency of the oscillations decreases with injection mass, 2) the
pressure coef� cient for 180% injection becomes nearly steady,
and 3) the pressure coef� cient decreases with injection mass.

Figure 8 shows the differences in pressure-coef� cient � uc-
tuations with air and propane injections. Here, the middle jet
( jet B) is replaced with propane fuel, and injection mass is the
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Fig. 11 Radial distributions of mean and rms temperature at
different axial locations in the cavity for annular air velocities of
a) 40 and b) 20 m/s.

same as that in Fig. 6. The density variation appears to have
no impact on the medium-size cavity; in the small-size-cavity
case, however, propane injection generates slightly higher am-
plitude pressure � uctuations. The effect of afterbody thickness
on the unsteady � ow inside and around the cavity was studied
by simulating the � ow over three afterbody thicknesses. These
calculations were performed for the small-size cavity with nor-
mal (100%) air injection. Fluctuating pressure coef� cients as
functions of time are plotted in Fig. 9. While H1 represents the
thickness of the standard afterbody (20 mm), H2 and H3 rep-
resent 50 and 25% of the thickness of the standard afterbody,
respectively. As expected, the thinner afterbodies provided bet-
ter communication between the cavity and the afterbody-wake
� ows. This resulted in increased pressure coef� cients. The
larger-amplitude � uctuations for the thinner afterbodies sug-
gest increased vortex shedding from the cavity.

Effect of Combustion on Cavity Flows

For investigating the vortex characteristics in the cavity un-
der combusting-� ow conditions, calculations were made for
the simulation of reacting � ow in the combustor described pre-
viously. Hsu et al.1 found that this combustor operates most
stably when the cavity size is at the optimum value (Fig. 4)
and when the primary air and fuel (propane) are injected into
the cavity at an equivalence ratio of 4.4. Calculations were
made for this fuel-rich condition using the 341 101 grid
system.

The instantaneous and time-averaged temperature � elds
computed with a fast-chemistry assumption are shown in the
upper and lower halves of Fig. 10a, respectively. In general,
the center fuel jet is mixing with the neighboring airjets and
burning as two distinct � ames. The instantaneous-temperature
� eld suggests that the � ow in the cavity has a large vortex
generated by the high-speed annulus air� ow and several small
vortices that have developed primarily from the interaction of
fuel and air jets injected into the cavity. Small puffs of fuel
are penetrating through the outer airjet periodically. The ex-
istence of jet-like � ame structures in the time-averaged tem-
perature � eld in Fig. 10a indicates that the large cavity vortex
is nearly stable. Note that for this cavity size, cold-� ow cal-
culations with injection also yielded a nearly stable vortex
within the cavity (Fig. 4b).

The effect of cavity size on combustion was studied by sim-
ulating the reacting � ow in a 50% smaller cavity and by main-
taining the same injection velocities for the fuel and airjets as
those used for the optimum-size-cavity calculations. The in-
stantaneous and time-averaged temperature � elds are shown in
Fig. 10b. Interestingly, the combustion is still con� ned within
the cavity, even though the lengths of the jet-like � ames have
been reduced by nearly one-half. A signi� cant amount of fuel
is escaping from the cavity, mixing with the annulus air, and
burning without raising the local temperature signi� cantly as
the mixture becomes very fuel-lean. As the cavity vortex be-
comes weaker in the case of the smaller-size cavity (Fig. 10b),
the � ames are pushed away from the center tube. This behavior
is also seen in the cold-� ow simulations made with injection
(Figs. 3b).

Reacting-� ow calculations were also made for different an-
nulus-air� ow velocities on the optimum-size and smaller-size
cavities. Results obtained for a 30-m/s annulus � ow are shown
in Figs. 10c and 10d for the two cavity sizes, and those ob-
tained for a 20-m/s annulus � ow are shown in Figs. 10e and
10f. As expected, the strength of the cavity vortex is decreasing
with reduction in annulus air� ow. Because of this the outer
airjet is turning back around the afterbody and the separation
between the two � ame jets has increased. The lower annulus
air� ow is also increasing the local equivalence ratio outside
the cavity which, in turn, results in higher temperatures down-
stream of the afterbody. This behavior was also experimentally
observed by Hsu et al.1 In addition, for lower annulus � ows,
the shear-layer vortices are becoming more organized.

For quantifying the unsteadiness associated with the com-
busting � ows shown in Fig. 10, the mean and rms temperatures
are obtained from 20,000 instantaneous solutions over a period
of 120 ms. Figures 11a and 11b show the radial distributions
of these temperatures at different axial locations in the me-
dium-sized cavity operating at annular-air velocities of 40 and
20 m/s, respectively. The three axial distances in the cavity z
= 45, 60, and 75 mm correspond to locations 1) near the fore-
body, 2) at the center of the cavity, and 3) near the disk, re-
spectively. As expected, the rms temperatures in the 20-m/s
case are smaller than those obtained with the 40-m/s air ve-
locity. Overall, the low level of rms (<500 K) values for the
temperature � uctuations noted in the cavity region is very sim-
ilar to that observed in the experiments.1

Summary and Conclusions
Unsteady � ow inside and around the cavity, in general, leads

to a higher drag coef� cient, and in combustors it creates further
problems related to blowout and poor combustion ef� ciency.
It is known that the unsteadiness of the � ow can be reduced
by proper cavity design. The dynamics of the vortices formed
inside and around the cavity was studied using a time-depen-
dent, axisymmetric CFDC code. The geometry used in this
study was an axisymmetric, centerbody trapped-vortex com-
bustor employed by Hsu et al.1 A large number of grid points
with z and r 0.5 mm was used to capture the vortical struc-
tures having length scales that are an order of magnitude
smaller than the height of the cavity. Fluid was injected into
the cavity from three locations at different � ow rates to inves-
tigate the effects of � uid injection on vortex dynamics. It was
found that the optimum cavity size for obtaining steady � ow
inside and around the cavity should be larger in the case of
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� uid injection than for passive cavities (with no injection). The
� ow becomes more unsteady when the � uid is injected into
nonoptimum (larger or smaller than the optimum) cavities.
Calculations made with air and propane injections yielded very
similar � ow patterns and pressure coef� cients. On the other
hand, the thickness of the afterbody seems to have a strong
in� uence on the � ow pattern. Thinner afterbodies resulted in
higher pressure coef� cients, with � uctuations larger than those
observed with the thicker afterbodies.

Calculations made using a single-step global-chemistry
model revealed that the fuel injected into the cavity mixes with
the injected air and burns like a jet � ame. It was found that a
lesser amount of fuel is burned in the smaller-size cavity than
in the optimum-size one. The spilled-over fuel from the cavity
mixes with the annulus air� ow and results in fuel-lean
mixtures. As the local mixture becomes less fuel-lean with the
reduced annulus � ow, the temperature downstream of the fore-
body increases. Future calculations will be made for these
� ows employing a detailed-chemical-kinetics model for pro-
pane combustion to investigate the � ame-stability character-
istics in the trapped-vortex combustor.
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