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The unsteady compressible Navier-Stokes equations are solved numerically for cold flow in an axisymmetric
bluff centerbody combustor configuration. The inlet Mach number range in the annulus is 0.145-0.387, which
corresponds to inlet mass flows of about 2-4 kg/s and a Reynolds number (ReD=uccD/v) range of 0.37-
l . lx 106. The computations are performed using MacCormack's explicit finite difference scheme on a CDC
Cyber 750/175 computer. The computational mesh consists of 2760 grid points. As a result of the low subsonic
flow velocity, special care is required in formulating the inflow and outflow boundary conditions necessary to
obtain valid numerical solutions. The resulting oscillatory flowfields show some qualitative agreement with
experimental observations. The vortex behavior is of particular interest in the centerbody region since it in-
fluences the mixing of fuel from the central jet and the flow from the annulus and, consequently, the combustion
itself.

Nomenclature
c = speed of sound
D = diameter of centerbody
e — specific energy
E,F = vector fluxes in mean flow equations
/ = frequency
H = source term
ij = indices for grid point location
k — thermal conductivity
L = length of computational domain
n = time index
p = pressure
r = radial coordinate
R = gas constant
RCE = radius of centerbody
S, = Strouhal number
t = time
T = temperature
TCH = characteristic time, L/u^
u,v = velocity components
U = dependent variable
x — axial coordinate
(3 = damping factor
7 = ratio of specific heats
17, f = transformed coordinates
X = - 2/3/x second viscosity coefficient
ju = molecular viscosity coefficient
p = density
<rv, ar = normal stresses
TX, rr = shear stresses
co = vorticity
Subscripts

oo = freestream condition (annulus velocity)
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•^max = maximum value
AXmin = minimum value
tO = stagnation values
w = wall condition

Introduction

THE evolution of advanced high-speed aircraft has led to
requirements for improved design methodology for

propulsion systems. In order to meet these requirements,
improved combustion models are being investigated for
possible application to advanced propulsion system
technology. The development of improved combustion
models requires a thorough understanding of the interaction
between the flowfield and the combustion process. To aid in
the development and evaluation of new combustion models, a
research combustor facility has been developed in the Aero
Propulsion Laboratory at Wright-Patterson Air Force Base
for the purpose of conducting experimental investigations.
This facility consists of a cylindrical bluff centerbody placed
coaxially in a circular duct. The test section is shown
schematically in Fig. 1. As seen in the figure, fuel enters
through a small opening in the base of the bluff centerbody.
The combustion takes place immediately downstream of the
centerbody in the wake or recirculation region. In the initial
evaluation of this facility, unsteady flame behavior was
observed in the recirculation region through high-speed cine
photography. Experimental investigations of this unsteady
flame behavior1"3 provided the motivation for the current
numerical study.

The objective of this numerical simulation is to investigate
the feasibility of analyzing unsteady flow features by
numerically solving the time-dependent Navier-Stokes
equations and to gain a better insight into the nature of
specific unsteady flow features in the combustor recirculation
region. Of particular interest here is the shedding of large-
scale vortices, since this phenomenon appears to contribute
significantly to the mixing of fuel and air and ultimately to the
combustion process itself. The flow over the bluff body
results in separated flow, which has an inflection point in the
velocity profile. Such separated flows typically possess a
relatively low natural frequency at which self-excited
oscillations occur.4"9 The vortex shedding from the buff
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centerbody exhibits the characteristics of self-excited oscilla-
tions.

In the past only steady flow calculations have been used to
numerically investigate recirculating flows.10'11 In the present
investigation, the full time-dependent Navier-Stokes for-
mulation4"9 is utilized to numerically simulate the unsteady
axisymmetric internal flowfield. In performing these
calculations, the vortex shedding, vortex pairing, and an-
nihilation have been numerically simulated for the first time.
These computed flowfields will be used to analyze specific
features in the vortex behavior including (Strouhal) shedding,
separation and reattachment points or nodes in the flowfield,
stagnation points, and the pairing and merging of vortices.
Analysis of these features will provide a better insight into the
nature of the unsteady flow phenomena and how they con-
tribute to the combustion process. The combustion process
itself depends upon the mixing of the outer annulus airflow
and the fuel flow from the centerbody jet flow.1 The present
investigation is the first phase, which deals only with the cold
flow from the outer annulus.

Analysis
Based on experimental data from the bluff-body combustor

facility, consisting of high-speed cine photographs and flame
intensity measurements, the flow appears to be generally
axisymmetric a large fraction of the time.3 Therefore, in this
preliminary investigation the axisymmetric assumption will be
used to gain insight into the flow phenomena. Thus,
numerical solution of the time-dependent Navier-Stokes
equations is used to simulate the flow.

The computer code used in this investigation is based on a
program developed by Shang5'6'12 for solving the time-
dependent, compressible Navier-Stokes equations. The
governing equations are written in cylindrical polar coor-
dirates as
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The dependent variables for this system of equations are U(p,
pu, pv, pe}. Sutherland's viscosity equation, the equation of
state, and the Prandtl number are specified to close this
system of equations.

For the present investigation, this code has been modified
so that the no-slip boundary conditions are applied at the
outer duct wall and around the centerbody surface and a
symmetry boundary condition is applied at the duct cen-
terline.

Treatment of the inflow and outflow conditions are among
the primary focuses of this investigation. Hence, the com-
putations are made using the inflow and outflow conditions
studied by Hasen using a similar code.13 These conditions
consist of the following:

Inflow: Pt0, T[0, v — 0 specified

d(pu) = ()

dx

du dv dT
Outflow: — =~- = —=0

dx dx dx

(10)

(11)

P specified (inviscid region),

dP
— =0 (viscous region)
dx

These conditions are shown in Fig. 2. For Hasen's code, these
conditions allowed the numerical flow variables in the
combustor domain to remain stable during the computation.
It should be noted here that several other formulations of the
boundary conditions have been attempted without success and
that there may indeed be other formulations14 which will
permit successful computations of the flowfield using the
present code. While the present boundary conditions give
successful results, additional formulations should be in-
vestigated, including the location of the downstream boun-
dary condition that is applied at five centerbody radii
downstream in the present case. It is downstream of the
stagnation point; however, additional studies should be made.

Computational Grid System
The physical finite difference mesh used in the numerical

solution of the combustor flowfield is shown in Fig. 3. An
axisymmetric flow assumption is made in the formulation,
with the mesh extending radially from the centerline to the

COMPUTATIONAL DOMAIN -

^-— DUCT

(6) Fig. 1 Aero Propulsion Laboratory's centerbody combustor con-
figuration.
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duct wall. An exponential stretching scheme is utilized in both
the axial and radial directions in order to position a fine mesh
near the walls of the duct and centerbody and in the recir-
culation zone in the near wake of the centerbody. This permits
better resolution of the flowfield in the regions of high
gradients. (Although a fuel jet can be included in the
procedure, the case presented here has no central fuel jet in
the centerbody.) The number of mesh points used in the
numerical solution consists of 60 points in the axial direction
and 46 points radially.

Numerical Procedure and Solution Scheme
The flowfield being investigated in this program is in the

low subsonic region. Experimental observations have revealed
the presence of unsteady phenomena having an apparent
quasiperiodic nature.1'3 Preliminary indications suggest that a
Strouhal number for the phenomena would fall within a range
of 0.18-0.22. This would correspond to a vortex shedding
frequency of about 70 Hz. The characteristic time L/u^ is
5 . 2 x 1 0 ~ 3 s f or the present analysis .

In view of the previous work by Shang5'12 and Hankey and
Shang,6 the code selected for this application incorporates
MacCormack's explicit and unsplit algorithm as the
numerical solution procedure. This code has been optimized
for vector operation to minimize the number of sweeps over
the entire data field. Furthermore, the axisymmetric for-
mulation allows for the coordinate transformation derivatives
to be computed once and stored before proceeding into the
time marching.

MacCormack's algorithm involves a combination of
alternating forward and backward differences for the
predictor and corrector steps.15 It should be noted, however,
that the source-like term rdd/r in the H vector (that is, in the
radial momentum equation) is evaluated using a central
differencing procedure. In addition, the term contained in the
radial gradient operator l / r - d / d r ( r v ) is further expanded
giving the expressions dv/dr and v/r. This alleviates the
numerical difficulty encountered when an indeterminate form
arises on the axis of the symmetry. Grid stretching is required
in order to resolve the flowfield features more adequately
while maintaining computational efficiency.

To achieve this capability, Eq. (1) is transformed to a
computational domain with equal step size. Due to the
simplicity of the geometry of the combustor, only a minor
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Fig. 2 Boundary conditions.
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Fig. 3 Physical finite difference mesh used in the numerical solution
of the combustor flowfield.

transformation is required. Letting

and Tj = i

Eq. (1) is transformed as follows:

(12)

This is consistent with the general procedure for surface-
oriented coordinate systems currently in use in computational
fluid dynamics.

The efficiency of the code is maximized utilizing the CFL
condition on allowable time increment for generalized
coordinates as reported by Shang,12

with the contravariant velocity components defined as

(14)

(15)

The range of CFL numbers used in the present investigation
vary from 0.15 to as high as 0.85. Although most of the
calculations have been made using a CFL number of 0.5, this
value seems to provide stable results in a reasonable com-
putational time.

The numerical damping is also used in the present analysis
in order to suppress numerical oscillations. Again the form of
the damping terms is reported by Shang.12 Implemented in
each sweep direction, these damping or artificial viscosity
terms are

\v\

P

P

32pw (16)

(17)

In the present analysis, the value of the damping constant j3 is
two.

In the analysis of self-excited oscillations, the large-scale
turbulence is computed from first principles by a large-eddy
simulation; however, the fine-scale turbulence is masked by
the artificial viscosity. The maximum frequency resolved in
the problem is equal to u^/Ax ( -3000 Hz). A large portion
of the turbulent energy is believed to be below this frequency;
therefore, reasonable simulation is achieved.4'6

« 100-

0.0515 0.0565
TIME-SECONDS

Fig. 4 Temporal variation 01 me uitiow mass flux and pressure at
jr /RCB=l ,r /RCB=l .
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Discussion of Results
In the present combustor configuration, only airflow in the

annulus is considered with no central jet present. For this
configuration, computations have been carried out for 25,700
time steps. This represents approximately 68 ms of real time
in the flow. The nature of the flow is indicated by the tem-
poral variation of the inflow mass flux and pressure at a
location of one centerbody radius downstream as shown in
Fig. 4. During the initial computations (u^-50 m/s), the
fluctuations occurred at a frequency of about 70 Hz. This
agrees well with experimental wall pressure data16 (not yet
published) that, for the same airflow rate, contains a fluc-
tuation at about the same frequency (70 Hz). These ex-
perimental data were obtained from the Aero Propulsion
Laboratory centerbody combustor facility with cold flow and
the same initial conditions as the numerical simulation. This
frequency corresponds to a classical Strouhal shedding for

which the Strouhal number is

St=fD/u~0.2 (18)

where/is the frequency, D the centerbody diameter, and u the
mean annulus inflow velocity. This value of Strouhal number
agrees well with values observed for vortex shedding from
other objects such as cylinders (i.e., S, ~0.2).5'6'8'9

Certain similarities between the computed vortex behavior
behind the bluff centerbody and experimental observations
are extremely encouraging for this type of numerical ap-
proach. The computed results for instantaneous velocity
vector fields are shown in Fig. 5 for a sequence of time steps;
Fig. 6 shows vorticity contours for some of these same time
steps. Examination of the velocity vector plots reveals the
development of a large primary recirculating vortex having a
clockwise rotation immediately downstream of the cen-

VELQCITY VECTOR PLOT: ITER=172On
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VELOCITY VECTOR PLOT: ITER=192QQ
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Fig. 5a Velocity vectors, 1 ITER-3x 10 ~ 6 s.
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terbody. This recirculating vortex induces a counterrotating
(counterclockwise) vortex near the axis of the bluff body. This
induced vortex behavior occurs in accordance with the classic
Biot-Savart law.17 This counterrotating vortex may either
grow in strength or die out, or merge with the recirculating
vortex as it progresses in the streamwise direction. If it gains
sufficient strength (as in ITER- 19700-ITER = 21700), it
pushes the initial recirculating vortex downstream. As it does
so, a new recirculating vortex is generated which induces a
new counterrotating vortex. If the counterrotating vortex is
weak, the two adjacent clockwise recirculating vortices may
merge, thus annihilating it, or it may decay along the cen-
terline. These phenomena are observed in sequences labeled
ITER = 14800-ITER = 16000 and ITER = 17200-ITER
= 18200, respectively.

Another phenomenon observed is that of "vortex leap-
frogging." This is a situation in which the leading vortex ring

decelerates and at the same time decreases in diameter, while
the trailing vortex (of the same rotational sense, namely
clockwise) accelerates and increases in diameter to overtake
the leading vortex. This is seen in the vorticity contours of
ITER-17200-ITER-18200. In this case, the two vortices
involved in the leapfrogging were initially the large recir-
culating vortices. The induced counterrotating vortex between
them is very weak and has decayed along the centerline. This
type of leapfrogging of vortex rings is analogous to that
described for free jet flows by Lamb,18 and Prandtl, and
Tietjens.19 (It should be noted that these computed flows
contain similarities with features observed in combusting flow
behind a two-dimensional rearward-facing step in ex-
periments conducted by Keller et al.20) These figures show the
general oscillatory nature of the vortex shedding and the
subsequent pairing or merging of the vortices. A careful
examination of the velocity vectors and vorticity contours
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vprrnn PLOT- TTER=2370Qwi?inr«iTV VRPTOR PLOT: ITER=2Q7QC

04 Oft U> IA aJJ 13 10 13 40 4-3 Ifl
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Fig. 5b Velocity vectors, 1 ITER = 3 X 10 " 6 s.
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Fig. 6 Vorticity contours.

(Figs. 5 and 6) show the primary vortex shedding from the
outer portion of the bluff-body face at a frequency of about
70 Hz. This is supported by the periodic fluctuation of the
mass flux and pressure (Fig. 4).

It should be noted that the formation and shedding of the
secondary counterrotating vortices does not occur at exactly
the same frequency as the primary "outer" vortices. The
shedding of both the primary and secondary vortices exhibit
the characteristics of self-excited oscillations. It must be
further mentioned that this sequence of events does not occur
in exactly the same fashion with each cycle. In particular,
instances have been observed in the numerical results in which
more than two vortices merge into a single vortex. The fact
that a completely repeatable periodic behavior is not observed
is believed to be the result of multiple modes being present.
Two unstable modes, with differing noncommensurable
frequencies, will produce a nonrepeating wave. The most
unstable wave will dominate with a modulation created by the

lower amplitude wave. The numerical procedure apparently
captures both modes. The phenomena of more than two
vortices merging has been observed experimentally by Ho and
Huang21 and is referred to as collective interaction.

The streamwise paths of the computed vortices with time
are shown in the wave diagram of Fig. 7. This figure shows
not only the streamwise trajectories of the vortex centers, but
the pairing of vortices as well. Along with the locations at
which pairing occurs, it can be seen from this figure that
occasionally more than two vortices merge to form a single
vortex. It is seen that the trajectory lines are nearly parallel to
each other, thus indicating that the vortices are convected in
the streamwise direction at nearly the same speed. This
propagation speed is approximately half of the flow velocity,
which is consistent with linear theory.4

Another feature of significance in Figs. 5 and 6 and
especially in Fig. 4 is a second periodic variation having a
frequency of about 300 Hz. This is believed to be associated
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Fig. 7 Vorticity wave diagram.

with the natural acoustic frequency based on the "com-
putational" duct length,4 that is, the natural acoustic
frequency of a duct of the same length as the computational
domain.

In view of the complex nature of the flow over the bluff
body, one of the best ways to gain a better understanding of
the specific features associated with it is through direct flow
visualization. This can be simulated by plotting the vorticity
contour data on a color graphics device using continuous
color shading between the contours. A sequence of color
vorticity plots is shown in Fig. 8. In this figure the vortex
formation, shedding, and pairing can be seen once again. By
presenting the data in this form, similarities between the
numerical results and certain aspects of the combusting flow
can be noted. It must be emphasized that the present
numerical simulation does not completely model the com-
bustion experiment, since the computational configuration
does not include the flow from the central jet, combustion,
nor identical airflow rate. Furthermore, the length of the
computational domain is restricted to only a fraction of the
actual combustor length. In spite of these differences, the
numerical simulation of certain features of the combustor
flow is very encouraging. In comparing the color vorticity
plots with the high-speed cine photographs of the combustion
data, the similarities in the large recirculation vortex near the
outer edge of the centerbody face are seen. This vortex then
stretches in the streamwise direction and is ultimately shed
and propagates downstream. It appears that the flame balls or
"flame turbules" observed in the combustor are directly
related to the vortex shedding. Comparison of specific flow
features between the cold-flow simulation and the actual
combustor flow is even more dramatic in a movie made using
the numerical vorticity data. (Unfortunately, the comparison
of these dynamic features cannot be shown here.)

Although some of these similarities are quite striking,
caution must be exercised in examining the numerical vorticity
data because certain features may not truly represent the
physical combustion flow. The flow must be examined more

closely, using quantitative comparisons, in order to accurately
determine the nature of the actual physical flow.

Other features giving insight into the nature of the flow are
singular points that are present on boundaries such as the
centerline and the centerbody face. It is noted that on the
centerline, points occur at which the flow approaches from
opposite directions along the centerline and departs in a
direction nearly normal to the centerline. Likewise, points
exist on the centerline where the flow approaches from a
direction nearly normal to the centerline and departs in op-
posite directions along the centerline. These points exhibit the
characteristics of classical saddle points and are somewhat
analogous to the separation and reattachment points that
occur at solid boundaries. The saddle points on the centerline
have been designed as S and R points in Fig. 9, depending
upon the nature of the entering and departing flow. These
points move in the streamwise direction at a rate closely
related to the convection velocity of the vortices. The initial
separation between the S and R points is almost three radii,
which corresponds to the vortex separation distance.

On the centerbody face (a solid boundary), the presence of
separation (S) and reattachment (R) points is also indicated in
Fig. 9. It is noted that a stationary separation point is always
present at the outside edge of the centerbody face, while the
corresponding reattachment point may move along the radial
direction of the centerbody face. Of particular note is the
presence of a stationary separation point at the upper corner
of the centerbody (Sj). A separation streamline starts at this
point and evolves into a vortex. An adjacent streamline
appears to act as a sort of boundary for the large recirculation
vortex that forms on the centerline (R2). The reattachment
position of this line transverses along the centerline as the
clockwise recirculation vortices are shed.

Similarly a reattachment point (R^ occurs on the face of
the centerbody. This reattaching streamline separates the
counterrotating (i.e., counterclockwise) vortex B from the
clockwise recirculation vortex A. The location of the reat-
tachment point on the centerbody face varies with the growth
and ultimate shedding of the counterclockwise vortex.
Likewise, the corresponding saddle point (S2) moves along the
centerline according to the behavior of the counterclockwise
vortex.

One significant aspect of the behavior of the reattachment
point on the centerbody face is that it moves no further
outward than about three-fourths of a radius from the cen-
terline. To the outside of this point, the flow is always in the
outward radial direction along the centerbody face. During a
large percentage of the time, the magnitude of the velocity in
this region is very small. That is, this is a zone of nearly
stagnant fluid.

As the vortices form and propagate downstream, the in-
teraction between adjacent vortices varies depending on the
sense of rotation and the relative strength of each vortex. In
most cases, it is observed that the centers of two coun-
terrotating vortices tend to rotate about one another. The
rotation of these vortex centers is in the clockwise sense when
the leading vortex rotates in the clockwise direction. In the
course of this rotation, two clockwise vortices on either side
of the counterclockwise vortex merge into one clockwise
vortex, while annihilating the counterclockwise vortex (Fig.
5). The interactions observed between adjacent vortices shed
from the outer edge of the centerbody, having clockwise
rotation, are seen in Fig. 5 from ITER= 17400 to about
ITER = 20000. In this case the induced vortex near the cen-
terline is relatively weak. When this happens, the classical
vortex "braiding" occurs.22 For this type of interaction, a
saddle point exists between the two vortices. The behavior of
these two vortices is of great significance1 in analyzing the
combustor in that the counterclockwise vortex contains the
fuel, while the clockwise vortex contains the oxidizer.
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Fig. 8 Comparison of computed flowfield vorticity with experimental combustor flow features.
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Fig. 9 Typical S and R saddle points.

The merging of these two vortices as demonstrated in the
numerical computation is essential to the combustion process.
The stage is now set for the addition of the fuel jet with a
chemical reaction to complete the modeling of a centerbody
combustor.

Conclusions
The unsteady fluid dynamic processes that occur in this

type of flow configuration can be predicted only by the
numerical integration of time-dependent Navier-Stokes
equations. As the first phase of a numerical computation of
flow in a combustor, this paper demonstrates the feasibility of
modeling the self-excited oscillation involved in vortex
shedding in axisymmetric flow. It should be emphasized that
the computed results are for cold flow only and that certain
questions remain unanswered concerning the formulation of
the boundary conditions. Although these numerical results
are preliminary in nature, they will provide insight into the
mixing process when used in conjunction with the experiments
and can help guide further research in the combustion field.
Now the fuel jet with chemical reaction can be added to the
computer program to more thoroughly investigate the un-
steady combustion process.
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