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Introduction

T HE objective of this study was to improve the per-
formance of the original resonator1'2 by eliminating its

operational dependence on the jet pressure ratio, and to
find the conditions required for maximum pressure ampli-
tudes through a detailed parametric study. Four parameters
were studied, namely, the disk diameter, the cylindrical cham-
ber width, and disk and plug positions.

The new device was designed based on Sprenger's,3 rather
than Hartmann's tube principles, where the center core of the
jet is weakened by a trip wire placed across the jet. Sprenger's
tube works with a wide range of jet pressure ratios and with
both subsonic and supersonic jets. In the new model, the jet is
subsonic, which allows for a given air supply, the use of larger
nozzle widths while maintaining steady jet and uniform flow
conditions for a considerable time period. The effect of the
four parameters on its operation was studied via pressure and
temperature measurements. The symmetry and shape of the
converging shock were observed from the spark Schlieren pho-
tographs taken near the geometric center of the device. A full
description of the apparatus is presented next, followed by ex-
perimental results and conclusions.

Experimental Apparatus
The present work proposes an alternate model to that

described earlier,1 and operates at a wide range of jet stagna-
tion pressures, producing converging shock waves with high
degrees of circular symmetry. The shape of the axisymmetric
model was obtained by rotating the upper half of the two-
dimensional model (Sprenger tube), shown in Fig. la, about
axis A-A. A schematic of the resonator used is shown in Fig.
Ib. It consists of a cylindrical plenum chamber supplied by 20
l-in.-diam inlets. The latter are connected to a 6-m3 tank filled
with air at a pressure of 830 kPa. A narrow slit with a 6-mm
rounded entrance in the inner wall serves as a nozzle. The noz-
zle jet is surrounded on one side by a disk with a 30-deg cham-
fer and on the other side by a plug. The position of the disk
and the plug may be adjusted by threaded rods in order to con-
trol the width of the cylindrical cavity. Here, the plug acts as
the trip wire used in the Sprenger tube case, to weaken the jet
close to its surface so that the outflow and the oscillations can
be maintained at subsonic jet conditions.
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An enlarged portion of the cylindrical cavity is also pre-
sented in Fig. Ib to show the most important parameters af-
fecting the operation of the device. The first two parameters
are the disk position Sd and the plug position Sp . When both
of these parameters are equal to zero, the disk and plug are
said to be in the flush position. Larger values of Sp in the
cylindrical resonator increase the depression in the velocity
near the plug surface and are, therefore, equivalent to the in-
crease in the trip wire's size in the Sprenger tube case. Due to
the widening of the jet as it approaches the center, an adjust-

Trip Wire

Fig. la Schematic of a modified H-S tube.

A Plenum Chamber
E Air Inlet
C Nozzle Ring
D Threaded Rod
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K Circular Jet
L Plug, Glass Window

Fig. Ib Schematic of the cylindrical resonator.
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Table 1 Optimum disk and plug positions for various disk diameters

Disk diameter, mm
64
69
74
79

Sd, mm
0.3
0.3
1.3
0.3

Sp, mm
1.6
1.6
1.3
0.6

merit for the disk position Sd is essential in the present case.
The third and fourth parameters are the nozzle width w and
the disk diameter. Note that the width of the cylindrical cham-
ber is a sum of all three parameters, namely, the nozzle width,
Sp9 and Sd. In the present work, the nozzle diameter is fixed at
89 mm.

The effect of the four parameters on the operation of the
new model is presented in details in the next section.

Results and Discussion
The various tests performed were piezoelectric pressure

measurements at the geometric center of the cylindrical cavity,
spark schlieren photography of the converging shock at both
design and off-design conditions, and temperature measure-
ments.

The pressure measurements were carried out to determine,
for any given disk diameter, the disk and plug positions re-
quired for maximum pressure amplitudes. The results are tab-
ulated in Table 1 for four disk diameters of 64, 69, 74, and 79
mm. As noted in Table 1, Sp increases with the decrease in
disk diameter. For the 79-mm disk diameter, Sp is 0.6 mm. At
smaller disk diameters, the magnitude of the depression in the
jet velocity near the plug surface decreases. To increase the de-
pression, the plug was placed at a larger distance (1.6 mm)
from the nozzle exit plane for the smallest disk diameter of 64
mm.

With both disk and plug placed at the optimum positions,
given in Table 1, detailed pressure measurements were carried
out for various jet stagnation pressures (P0j). The latter was
measured by means of a gauge mounted on the plenum cham-
ber. The pressure amplitude (Ap) of the oscillatory flow was
measured from the oscilloscope traces obtained using a Pcb
piezoelectric transducer, placed at the geometric center of the
device. The results are presented in Fig. 2, together with those
previously obtained from a simple Hartmann-Sprenger (H-S)
tube. For a 64-mm disk, the pressure amplitudes were found
to be smaller than those corresponding to the simple H-S tube.
For larger disk diameters, higher pressure amplitudes were
noted. The highest amplitude was recorded with the 74-mm
disk, at a jet Mach number of 0.985, and found to be 1.8 times
that obtained with a Hartmann-Sprenger tube. This is close to
the value of 1.87, obtained by using stepped tubes with large
area contractions4 and the value of 2 obtained by the acoustic
theory. For the 74-mm disk, the frequency of oscillation was
2.78 Kcps, which is 21% lower than that of the acoustic fre-
quency of 3.53 Kcps, with c = 342 m/s.

The effects of the jet width and, consequently, the bound-
ary layer on the operation of the device were also investigated.
Three nozzle widths of 2.5, 3.8, and 5.1 mm were tested. The
results are shown in Fig. 3. For a jet width of 2.5 mm, no no-
ticeable oscillations were observed beyond a jet Mach number
of 0.83. This phenomenon was not present for the other two
jet widths tested. The highest pressure amplitude was recorded
with the 5.1-mm nozzle, which corresponds to a cylindrical
chamber radius of about 10 times its width. This is similar to
the condition for minimal boundary-layer interference,6 in the
simple Hartmann-Sprenger tube case.

To examine the symmetry of the converging shocks, spark
schlieren photographs were taken near the geometric center of
the device, which was set at maximum operating conditions.
The schlieren system used consisted of a 2 KV spark source, a
double-headed parabolic mirror, a vertical knife edge, and an

Legend:
-£±- Exp., W = 5.1 mm, D = 74 mm
-Q- Exp., W = 5.1 mm, D = 79 mm
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Fig. 2 Experimental values of the pressure amplitude.
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Fig. 3 Pressure amplitudes for various nozzle widths.
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Fig. 4 Spark Schlieren photographs at optimum conditions: D = 74 mm, Sd = 1.3 mm, Sp = 1.3 mm, and Poj/Pa = 1.6.

Scale: |«—25 mm -

Fig. 5 Spark Schlieren photographs at optimum conditions but without the screen in the plenum chamber, P0j/Pa = 1.6.
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Fig. 6 Spark Schlieren photographs: D = 74 mm, Sd = 1.3 mm, Sp = 0.64 mm, P0j/Pa = 1.6, without the screen.
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Fig. 7 Equilibrium temperatures at the geometric center of the cylin-
drical cavity.

open shutter camera. For viewing purposes, a plane mirror
and a glass window were placed at the center of the disk and
plug, respectively (see Fig. Ib). A set of photographs are
shown in Fig. 4 for a disk diameter of 74 mm and a jet
pressure ratio of 1.6. As noted, the shock symmetry has im-
proved in comparison to those obtained with the old appara-
tus. Figures 4a and 4b show the converging shock; Figs. 4c and
4d show the expanding one. Another series of photographs
were taken with the same operating conditions as before but
without the screen (Fig. 5). The shock in this case is seen with
multiple fronts that later merge into one, but with a large
number of transverse waves. The latter, created during shock
convergence, interact with the expanding cylindrical shock, as
shown in Figs. 4c and 4d. Without the screen and with the plug
placed at a distance of 0.64 mm, the converging shock was not
cylindrical, as noted in Fig. 6a. The upper part of the shock
was initially weaker than the lower part. This resulted in
weaker oscillations due to nonuniformity in the jet.

To complete this investigation, temperature measurements
were carried out with a 0.13-mm chromel-alumel thermocou-
ple placed at the geometric center. The apparatus was set at
optimum operating conditions with a disk diameter of 74 mm.
The thermocouple was connected to a digital temperature in-
dicator (Omega Model 2809 C). For jet stagnation pressures
(1.3 < Poj/Pa ^2.1), steady-state temperatures were re-
corded. The results, presented in Fig. 7, show a steady increase
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in temperature as the jet pressure ratio increases to its maxi-
mum possible reliable limit (Poj/Pa = 2.1). Beyond this limit
it was hard to keep the supply pressure constant long enough
to have reliable results. For jet stagnation pressures (1.43 <
Poj/Pa ^ 2.1), the following linear empirical equation was
obtained:

T = 230 + 444 (Poj/Pa - 1.43) C

At higher pressures, the cylindrical resonator is expected to
yield higher temperatures, as suggested by this equation. This
was not verified experimentally, due to the difficulties en-
countered in maintaining the jet pressure long enough to ob-
tain a temperature reading.

Concluding Remarks
A new and improved axisymmetric resonator was intro-

duced and tested. The results were compared with those ob-
tained using the original model and the following conclusions
were drawn:

1) Highly symmetrical implosions are possible to obtain,
and depend not only on the symmetry of the device but on its
four parameters studied here, namely, the disk diameter, noz-
zle width, and disk and plug positions. For a given nozzle di-
ameter and width, there exists, for every disk diameter, an op-
timum position for both the disk and the plug. For the 89-mm
nozzle diameter and the 5.1-mm nozzle width, the optimum
plug and disk positions are given in Table 1.

2) Resonant oscillations can be obtained for a wide range of
jet stagnation pressures and not restricted to a single value, as
in the original model. The higher the jet pressure, the higher is
the pressure amplitude, as shown in Fig. 4.

3) To minimize the effects of the boundary layers, the disk
diameter to cylindrical cavity width ratio should be less than
10. Smaller nozzle and cavity widths were found to weaken the
oscillations, which become almost nonexistent at higher
pressures.

4) The steady-state temperatures were found to vary linearly
with the jet stagnation pressures. For jet stagnation pressures
(1.43 < Poj < 2.1), a linear empirical equation was obtained.
These values are about five times those measured with a
logarithmic spiral resonance tube,5 thus making the proposed
model a better ignitor over any of the existing ones. Future
work should include the use of different gases, such as helium
and hydrogen, which were previously found to yield tempera-
tures about six times that obtained with air,6 as well as testing
of the new model for its ability to ignite various gaseous mix-
tures.
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I. Introduction

M ANY recent studies of turbulent combustion are based
on flamelet models in which the reaction zone is treated

as a collection of laminar flame elements (flamelets) embed-
ded in the turbulent flow (Marble and Broadwell,1 Peters,2'3
Bray4). An advantage of this concept is that it essentially
decouples complex chemistry calculations from the turbulent
flow description. Chemical kinetics and transport properties
may be treated separately in a local flamelet analysis and then
included in the calculation of the turbulent flowfield. Two
different formulations of these flamelet models are generally
available: one for turbulent premixed flames, the other for
turbulent diffusion flames. However, in some situations, pre-
mixed and nonpremixed flame elements may co-exist in the
same flow. This is the case, for example, in the stabilization of
diffusion flames or during the ignition phase of a cryogenic
rocket engine. In a first step, the cold reactants, fuel and
oxidizer, mix to form a premixed fluid. Then, when ignition
occurs due to some external process such as autoignition, by
mixing with a hot gas stream or spark ignition, a premixed
flame is formed. All premixed reactants are eventually con-
sumed and a stabilized diffusion flame takes over. Combus-
tion in a diesel engine also begins with the ignition of a
premixed flame and ends with a diffusion flame. It appears
that such a situation is not adequately described with classical
flamelet models. A combined flamelet representation, based
on the coherent flame model initially derived by Marble and
Broadwell,1 accounting for premixed and nonpremixed flame
regimes is tested to describe the unsteady reactive flow config-
urations.

II. Combined Flamelet Model
The combined model devised in this article employs the

basic assumptions of the coherent flame model of Marble and
Broadwell. Details of this model may be found in Ref. 1, as
well as in Veynante et al.,5'6 Lacas et al.,7 or Darabiha et al.8
The turbulent reactive flow is described as a collection of
laminar flamelets which are convected and distorted by the
turbulent motion but retain an identifiable structure. In this
sense, the reaction sheets remain "coherent." The basic model
combines the following elements: 1) a set of dynamic equa-
tions and closure rules describing the turbulent flow, 2) a local
model for the laminar flame elements taking into account the
effect of strain and providing the consumption rates per unit
flame area, VD., and 3) a balance equation for the flame area
per unit volume E.

The mean consumption rates of the main species are then
obtained from £ and VD. according to:

W=p VD. 0)
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