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Introduction

T IME-accurate computations of open cavity flow physics and
acoustic effects depend on a variety of factors including dis-

cretization technique, flux representation, flux limiters, turbulence
model, grid resolution, boundary conditions, transient purge time,
timestep, and code efficiency. The first author has produced a series
of articles1"4 that have explored the effect of boundary conditions,
turbulence models, grid resolution, and transient purge times for a
particular computational algorithm and timestep applied to com-
pute a two-dimensional supersonic open cavity. However, many
time-accurate unsteady codes are available for computing this class
of flowfield, and the differences between the approaches are un-
clear. Temporal errors associated with solver discretization must be
understood for a scheme to be used with confidence. In addition,
it is unclear how one should choose the timestep given sufficient
computational resources.

This Note compares the results obtained with an approximately
factored lower-upper triangular solver, an explicit Runge-Kutta
(RK) scheme, and a point implicit (PI) method for a variety of
timesteps to assess solver error and timestep issues in computations
of unsteady flows.

Numerical Methods
Two of the solvers used in the current work are contained in the

CFD++ algorithm.5'6 This code is a unified grid solver, i.e., in two
dimensions one can use quadrilateral and/or triangular cells and in
three dimensions hexahedral, triangular prisms and/or tetrahedral
cells. However, in the current research it is applied only on struc-
tured grids for comparison purposes. The two solvers contained in
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the CFD-h-f- algorithm are an explicit, temporally second-order RK
approach and a temporally first-order PI method. The third solver
is the Ruby code of Simpson and Whitfield7 as modified by Tarn et
al.2 It is characterized simply as a time-accurate, implicit finite vol-
ume technique, which utilizes Newton-like subiterations to achieve
second-order temporal accuracy. All three solvers employ a Roe-
type spatial flux difference splitting and continuous flux limiters.
Several turbulence models are available in the codes. Unfortunately,
there is no method that is common to both codes; therefore, the com-
putations presented herein were obtained assuming a laminar flow.

The test case studied in the current work8 was a simple two-
dimensional turbulent cavity with a length-to-depth ratio of 2 and
core flow conditions of M00 = 2 and Re/m = 37.7 x 106. Grids,
boundary conditions, and initial conditions followed those em-
ployed previously,1"4 in which laminar solutions were also obtained.

Convergence to a cyclic state was assumed after a running average
of data indicated the time-averaged sound pressure level SPL and
dominant frequency reached unchanging values. An oscillation cy-
cle was defined from the pressure time history traces (Fig. 1) taken
at the x/L — \ point on the cavity and was defined as the period
between two pressure troughs (or peaks) occurring sometime after
the transient purge period had passed. The pressure traces indicate
clearly that significant transients occur up to approximately 20 char-
acteristic times Tc and that a very regular oscillation cycle begins af-
ter approximately 40Tc. The dominant frequency of oscillation was
obtained directly from these data by taking the reciprocal of the time
interval between the valleys (peaks). This produces a much smaller
error than does running the signal through a fast Fourier transform,
as only a relatively small amount of sampling data is available, com-
pared with the experiments. Sound pressure levels were computed
directly from the pressure data once the oscillation cycle was known.

Solver Error Study
The first goals of this work were to assess the differences in the

flow physics obtained with the three schemes. The general results
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Fig. 1 Nondimensional pressure vs characteristic time at x/L = \ on
the cavity floor: RK, CFL = 1.0.
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Fig. 2 Nondimensional pressure vs characteristic time at xlL = | on the cavity floor: CFD++-RK, CFL = 1.0; and CFD++-PI, CFL = 0.5,1.0, and
2.0; Tc = 60-64.

Table 1 Sound pressure level, dominant oscillation frequency results
for Ruby, CFD++-RK, and CFD++-PI solvers and from experiment

of Disimile and Orkwis8

Method CFL SPL, dB

Ruby
CFD++-RK
CFD++-PI
CFD++-PI
CFD++-PI
Experiment

0.1
0.1,0.25,0.5,1.0

0.5
1.0
2.0

Not applicable

26.6
20.6
19.3
19.2
18.9
23.0

174.5
178.4
178.4
178.2
178.1
164.5

showed that the physical mechanisms inherent in the flow were qual-
itatively the same for all three solvers and for all tested maximum
Courant-Friedrichs-Lewy numbers (CFLmax). Further details can
be found in Ref. 9.

The quantitative results were somewhat different, as summarized
in Table 1. Note that the three schemes straddle the dominant fre-
quency vd value found in the experiment but that all of the solvers
predicted higher values of the SPL. The vd results from the CFD++
solvers were closer, by nearly 2 kHz, to the experiment than the Ruby
results. As expected, the first-order PI scheme produced a lower vd
than either of the second-order schemes, an indication of greater
temporal errors. Note that, when turbulence models were employed
previously in the Ruby code,4 the SPL decreased by as much as 20
dB and vd increased by as much as 3 kHz from the laminar result.
In those cases the general trend with increased turbulent dissipation
was for the SPL to decrease and for vd to increase. Hence, it is an indi-
cation of greater temporal accuracy as compared with the Ruby code
that these laminar CFD++ results underpredicted vd and overpre-
dicted SPL. Therefore, with the addition of a turbulence model, the
CFD++ results should be markedly better than the corresponding
turbulent Ruby code results. The current results show that solver dif-
ferences have a significant effect on the SPL and vd predictions even
when similar spatial differencing, grids, and timesteps are employed.

Timestep Variation Studies
Timestep effects were tested in two ways in the current work.

In the first approach, several schemes were tested from a time-
zero initial condition. Results were obtained up to 607*c for the RK
scheme with CFLmax values of 0.5 and 1.0 and the PI scheme with
CFLmax = 1. The RK and PI solutions exhibited different transient
purge behaviors (as evidenced by the pressure time histories), cycli-
cally converged dominant frequencies, and sound pressure levels.
However, the RK results were the same for both CFLmax values. That
is, the RK cases both produced the same pressure time histories (to
three-digit accuracy) from time zero to 6QTC.

The second temporal test series was performed using the baseline
60 rc RK results as initial conditions for a series of RK and PI
calculations. Figure 2 shows the pressure time histories from 60 to
647; for the RK scheme tested with CFLmax values of 0.1, 0.25,
0.5, and 1.0 and for the PI scheme with CFLmax values of 0.5, 1.0,
and 2.0. (The RK method was unstable for CFLmax = 2.0.) Of note
in Fig. 2 is the conformity of the RK results, which again differed
by only as much as three-digit accuracy throughout the oscillation
cycle. Note that the SPL and vd results for these cases match that
obtained in runs started from time zero, which indicates that, if the
method is temporally accurate, passing through the transient purge
period in the most economical manner is advisable.

Figure 2 also shows differences between the PI and RK results, as
well as the temporal convergence of the PI results with timestep re-
duction. It is clear that the PI scheme exhibits timestep convergence
with continued timestep reduction but does not converge to the RK
result. It is also apparent that the wave form amplitude is attenu-
ated greatly with increased CFL for the PI scheme. These results
illustrate the greater temporal error of the PI scheme compared with
the RK scheme, indicating that the temporal solver can account for
major differences in unsteady-flow statistics.

Conclusions
Solver differences were shown to be significant in the computa-

tion of complex unsteady flows. Whereas qualitative features were
computed equally well with all schemes, definite quantitative differ-
ences in unsteady-flow statistics were found. In addition, timestep
choice was shown to alter significantly the unsteady statistics for
the point implicit scheme, although it had no effect on the explicit
Runge-Kutta scheme. Timestep convergence was not exhibited by
the point implicit scheme until the timestep fell below the maximum
permitted by the Runge-Kutta solver, thereby negating the primary
advantage of implicit solvers: significantly greater timesteps. The
results have shown clearly that solver and timestep choice affect
greatly the accuracy of unsteady-flow simulations and must be con-
sidered important, along with choice of grid, spatial discretization,
and turbulence model.
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I. Introduction

C OAXIAL jets have a wide range of applications and are used,
for instance, in liquid propellant rocket engines, where a slow

stream of liquid oxygen has to be mixed with a high-speed annu-
lar stream of gaseous hydrogen. When Reynolds numbers are high,
the main parameter that governs the near-field development of the
coaxial jets' flow is the ratio of the annular to the central jet mo-
mentum flux1-2 M = p2UlIp\ U\. This ratio reduces to the velocity
ratio ru = U2/U\ when the two streams are of equal densities. De-
pending on the value of rM, the existence of two flow regimes has
been demonstrated by Rehab et al.1 The first one corresponds to the
values of ru in the range 1 < ru < ruc and is essentially characterized
by the existence of a central potential core whose length is given by
A/rU9 where A is a numerical constant. The other regime appears for
ru > ruc, in which case the central potential core is chopped off and
an unsteady recirculation bubble begins to form as shown in Ref. 2.
It is to be expected that the numerical constant A and the thres-
hold ruc of the onset of the recirculating regime depend on initial
conditions. These conditions are of two kinds: 1) the nozzle geom-
etry, essentially characterized by the ratio of the outer to the inner
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nozzle diameters3 ft = D2/D{ and, possibly, the retraction of the in-
ner nozzle with respect to the outer one, and 2) the exit conditions,
i.e, the shape of the exit velocity profiles.4 The Reynolds number,
which fixes the mixing layer instability onset, acts only slightly on
the inner core length provided it is large enough (104-105), which is
generally the case in practice.1 Dahm et al.5 studied the case ru = 1
in coaxial water jets with two different absolute values of the cen-
tral and annular velocities. They showed the important effect of the
wake behind the lip of the inner tube on the flow structure. In Ref. 1,
it is shown that, when the velocity ratio is larger than unity, the in-
ner mixing layer instability dominates the wake instability and the
Reynolds number effect becomes very weak.

The present study focuses on the effects of the geometry of the
coaxial injectors on the near-field flow structure. The dependence of
the flow structure on the annular gap e = (D2 — DO/2 is considered.
The effect of the exit velocity profile is discussed. The consequences
of a retraction of the inner tube on the coaxial jet flow dynamics is
investigated too.

II. Experimental Setup and Methods
The experiments were conducted in a coaxial, axisymmetric wa-

ter jet facility. The water is supplied by constant head tanks, and
the jets issue into a large tank where water is at rest. Three coax-
ial nozzle configurations have been investigated. The long tube jet
configuration is characterized by a fully turbulent pipe flow for the
central jet and by a developed channel flow for the annular jet (at the
nozzle exits). The diameter ratio is ft = 1.37. The inner tube termi-
nates, as is often the case in practical applications, with a divergence
of a 6-deg angle and a lip thickness of 0.3 mm. The second configu-
ration is similar to the first one but with the gap width increased; the
diameter ratio is ft = 2.29. In the third case, the jets emerge from
convergent nozzles with contraction ratios of 2 and 4 for the central
and the annular nozzles, respectively. The diameter ratio is ft — 1.35.

The mean and fluctuation velocity measurements were made with
constant-temperature, hot-film anemometers. The mean velocities at
the nozzle exits are in the range 0 < U\ < 1 m/s and 0.3 < U2 < 4 m/s,
giving Reynolds numbers on the order of 104-105. The measurement
uncertainty for the velocity and the length scales [xpi and (xs2 —
jt.vi)] are 2.5 and 1%, respectively. For the critical velocity ratio, the
uncertainty is approximately 5%.

III. Experimental Results
A. Effects of the Annular Gap Width

The mean axial velocity variations along the axis for different
values of ru have been measured, the outer velocity being fixed. The
central jet potential core length xp\ is determined from the minimum
in the mean velocity on the axis. In Fig. 1 the values of xpi deter-
mined from the velocity minima are plotted as a function of ru for
the three geometries considered. It is observed that xp\ follows the
relation xpi/Di = A/ru, with —A a numerical constant equal to 6 for
ft = 1.37 and 7.5 for ft = 2.29, so that for a given value of ru < ruc
the core length is longer when the gap is larger. Also, when the
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Fig. 1 Dependence of the central potential core on velocity ratio deter-
mined from the minima in axial velocity: A, (3 = 1.37; O, (3 = 2.29; and
+, (3 = 1.35. Included for comparison: •, (3 = 2 (Au and Ko6); x , ft = 1.4
(Dahm et al.5); and D, 0 = 1.51 and 1.98 (Champagne and Wygnanski3).


