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A computational analysis of the effects of a needle on a shrouded Hartmann-Sprenger tube driven by a Mach 2 jet
is presented. Solutions in the absence of a resonance tube indicate that the “ideally” expanded jet contains a complex,
but weak, Mach diamond pattern that is essentially unaffected by placing a needle on the axis. The resonant modes,
however, are strongly impacted by a needle. When a needle is not present, a 4-kHz screech mode is generated with an
oscillating shock in front of the tube. When a needle is present, the high-frequency modes are suppressed and a
quarter-wave (~570 Hz), regurgitant oscillation is observed. Lengthening the needle causes the high frequencies to
decrease gradually and the quarter wave to increase. Needles longer than the nozzle tend to reduce the amplitude.
The results are in quantitative agreement with available measurements and the trends are consistent with results for

underexpanded converging nozzles.
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inside diameter of the Hartmann—Sprenger tube
axial spacing between the nozzle exit and the
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1. Introduction

HARTMANN-SPRENGER (H-S) tube is created by aligning

a blind tube with the axis of a jet so that the oncoming flow is
directed into its open end, as shown in the top sketch of Fig. 1.
Although resonance can be created with either subsonic or
supersonic jets, in this figure, we portray a supersonic jet from a
converging—diverging (C-D) nozzle. It is not difficult to anticipate
that such a configuration can produce resonance wherein in one
phase, the jet is swallowed and compresses the gas inside the tube, as
shown in the top sketch of Fig. 1, whereas 180 deg later, the
compressed gases expand and force the jet to deviate around the tube,
as in the middle sketch. An alternate possibility is shown in the
bottom sketch of Fig. 1, in which the supersonic jet produces a bow
shock outside the tube that induces the flow to deviate around the
tube. The resonant flows produced by generic configurations of this
nature have attracted the attention of researchers for more than three-
quarters of a century. Placing a long, narrow rod (a “needle”) on the
nozzle centerline, as shown in Fig. 1, has proven to be important for
producing oscillations behind ideally expanded supersonic jets and
some subsonic jets, but is not needed for underexpanded jets from a
convergent nozzle. The focus of the present paper is to ascertain
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whether a computational model shows the same sensitivity to the
presence of a needle and to address, in more detail than is possible in
experiments, the character of the resulting flowfield. In particular, we
wish to investigate how the needle length affects the transition from
the regurgitant mode to a quiescent flow or alternative mode.
High-frequency oscillations were first observed in a pitot tube by
Hartmann [1] when traversing the Mach diamond region of a
supersonic jet from an underexpanded convergent nozzle. In later
investigations, he reported that the fluctuations were produced in
regions of positive pressure gradient by the oscillations of a strong
normal shock in front of the tube [2]. Sprenger [3] noted that a similar
configuration could generate intense heating at the closed end of the
tube through the dissipation generated by the sequence of weak
shocks successively acting on the gas trapped within the tube. In
addition, he noted that subsonic jets could produce heating if a needle
were placed along the axis or across the open end of the tube.
Because of these initial investigations, the mechanics of
Hartmann—Sprenger tubes have been the subject of numerous
experimental and analytical studies. Most have used the nonuniform
Mach diamond flowfield downstream of an underexpanded,
convergent nozzle [4—7], but resonance has also been generated in
subsonic jets [3,8] and in ideally expanded supersonic jets [4,5]. In
addition to jet experiments, oscillations have been observed in tubes
placed in uniform subsonic [8,9] and supersonic [9] flows.
Hartmann—Sprenger tubes have also been considered for specific
applications such as using their heat-generation capabilities for
rocket engine ignition [10], as fluid actuators for flow control [11-
15], or as a pulsating flow source for studying unsteady ejectors [16].
Sarohia and Back [6] showed that a convergent nozzle impinging
on an open-ended tube can exhibit three distinct oscillation regimes:
ajet instability mode, a jet regurgitant mode, and a jet screech mode.
The jet instability mode is observed in subsonic jets and is driven by
the periodic vortex structures in the mixing layer of the jet. The
frequency of the instability is set by the Strouhal number of vortex
formation. Either regurgitant or screech modes are observed in the
nonuniform supersonic flowfield created by an underexpanded jet,
depending upon the separation distance between the nozzle exit and
the open end of the tube and the degree of underexpansion (the
pressure ratio) of the flow. The jet screech mode is generated when
the tube lies in an “unstable” regime in which the axial pressure
gradient is positive, as originally observed by Hartmann [2]. This
decelerating supersonic field sets up an oscillating normal shock in
front of the tube, as in the bottom sketch of Fig. 1, and drives the
ensuing oscillations at a frequency determined by local flow
conditions.
The jet regurgitant mode sometimes appears when the tube is
outside the unstable regime. In this mode, the jet is alternately
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Fig. 1 Schematic diagram of the Hartmann-Sprenger tube showing
two possible modes of operation: regurgitant mode (top two) and screech
with bow shock (bottom).

swallowed and regurgitated from the tube, thereby driving it at its
quarter-wave frequency, as in the top two sketches of Fig. 1. In the
first phase, the jet enters the tube and compresses the gas in the tube,
causing the pressure inside the tube to increase. This high-pressure
gas then expands in the second phase and leaves the tube. The
process consists of a compression wave that enters the open end of
the tube, traverses its length, reflects off the closed end, and returns to
set up a rarefaction wave from the open end. This expansion wave
again traverses the tube in both directions, to provide the tube-
emptying process. The frequency of this mode corresponds to the
tube quarter wave f = c/4L.

Although Sarohia and Back [6] indicated that the regurgitant
quarter-wave mode is observed only at selected locations in
nonuniform supersonic jets, other experimental results [5,8,15] have
indicated a much broader occurrence when a needle is placed along
the axis. For example, in contrast to Sarohia and Back’s results,
which exhibited only the jet instability mode in subsonic flows,
Sprenger [3] reported a strong regurgitant mode resonance down to a
jet Mach number of 0.5, and Brocher and Duport [8] observed
regurgitant oscillations at Mach numbers as low as 0.1. Regurgitant
quarter-wave oscillations were also observed behind an over-
expanded convergent nozzle and an ideally expanded supersonic
nozzle [5] when a needle was used. In addition, regurgitant tube
oscillations in uniform flows at both subsonic and supersonic Mach
numbers were reported by Vrebalovich [9] and Brocher and Duport
[8] when a trip was placed upstream of the tube. Clearly, the presence
of a thin needle can have a strong influence on the resulting flowfield.

The argument given for this sensitivity to the needle [5] is that the
total pressure loss on the centerline arising from needle wake is
instrumental in setting up the oscillations. In the absence of a needle,
the small entropy increase inside the tube weakens the reflected
waves sufficiently that any oscillations decay. Conversely, the
energy loss produced by the needle wake enables the reflected wave
to overcome the energy of the incoming fluid, leading to
amplification and limit cycle oscillations.

Although experimental studies of Hartmann—Sprenger tubes have
been reported for many years, computational modeling is relatively
recent. Kim and Chang [17], Chang et al. [18], and Ko and Chang
[19] presented various aspects of Hartmann—Sprenger tube flows for
underexpanded convergent nozzles based upon an Euler equation
formulation. Their computations show excellent agreement with
experimental shadowgraphs of the region between the nozzle and the
jet for the regurgitant flow mode behind an underexpanded
convergent nozzle and properly predict both the regurgitant and the
jet screech modes [6] at appropriate jet pressure ratios. Their results
clearly demonstrate the large difference in the mass inflow and
outflow between these two supersonic modes.

Hamed et al. [20,21] presented Navier—Stokes simulations of
convergent-nozzle Hartmann—Sprenger tubes. Reference [20]

includes simulations with a needle and shows excellent agreement
with the experimentally observed quarter-wave frequency and good
agreement with measured fluctuation amplitudes. Reference [21]
considers a Hartmann—Sprenger tube without a needle at four
different jet Mach number conditions. The results show a proper
transition from the regurgitant mode to the jet screech mode and also
demonstrate the expected transition from the quarter-wave frequency
to a broadband high-frequency spectrum at the latter condition.

II. Results and Discussion

The H-S tube geometry considered in the present paper
corresponds to the experimental configuration used by Wilson and
Paxson [16] to generate a periodic flow to study the entrainment
characteristics of unsteady ejectors. The geometry, which is shown in
Fig. 2, is composed of a supersonic Mach 2 nozzle, similar to the one
used by Brocher, et al. [5], with the Hartmann—Sprenger tube aligned
directly above it with the open end at the bottom and the closed end at
the top. The external shroud guides the flow around the outer surface
of the H-S tube so that it exhausts through the top in the desired
unsteady, periodic fashion, as noted in Fig. 2.

The specific dimensions of the device are as follows. The
convergent—divergent nozzle that drives the H-S tube has a throat
diameter of 0.5 in. and a nozzle exit diameter of 0.652 in.,

Pulsed flow out

- ~—Support

Shroud
(2in.i.d)—

-

Needle —

- Resonance tube
(0.66 in. i.d.)
1.00in. o.d.

k.

“~— Mach 2 nozzle
(0.5 in. throat
diameter)

Steady flow in

Fig. 2 Shrouded Hartmann-Sprenger tube configuration of Wilson
and Paxson [16].
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Fig. 3 Computational domain for the calculations, showing details of
the local grid at the nozzle exit, the lip of the tube, and the closed end of
tube; total grid is 300,000 points.

corresponding to a design Mach number of 2 at the exit. The
resonance tube has an inner diameter of 0.66 in., an outer diameter of
1 in., and a length of 6 in. (L/D =9). The open end of the tube is
placed approximately two diameters (d = 1.25 in.) downstream of
the nozzle exit. In the presence of oscillations, the outflow is
dominated by a periodic series of ring vortices created by the
resonance that provides the desired unsteady flowfield for studying
the thrust augmentation characteristics of unsteady ejectors [16].

The sketch in Fig. 2 also indicates that a needle is placed along the
axis of the supersonic nozzle to generate oscillations. The diameter of
the needle is 0.06 in., resulting in an area blockage of less than 1.5%
of the throat area. Parametric studies of the effect of changing the
length of this needle are presented, including a reference case when
the needle is absent, to deduce its effect on the oscillations. The total
pressure of the inlet flow is 7.8 atm and the total temperature is 300 K.
When the supporting vanes in the tube are neglected, the flow
passage is axisymmetric.

The computational domain shown in Fig. 3 contains the nozzle,
the resonance tube, the needle, the tube surrounding the Hartmann—
Sprenger tube, and an external domain to allow physically correct
behavior at the outflow plane of the device. Representative local
sections from a typical grid of approximately 300,000 points are also
given. Results from a more refined mesh are also presented to verity
grid convergence. The computational domain starts upstream of the
nozzle throat and includes a steady flow region inside the supersonic
section of the nozzle, as well as the unsteady flow over the remainder
of the domain. For computational processing, the mesh was divided
into multiple zones for distribution to a PC cluster. The computations
were obtained with the unstructured GEMS code [22] using second-
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order accuracy in time and space and a two-equation k-w turbulence
model [23].

A. Nozzle Flow Characteristics Without Resonant Tube

We begin by characterizing the flow in the supersonic portion of
the Mach 2 C-D nozzle and the near-field plume of the jet that is used
to drive the H-S tube in the present simulations. The pressure
contours of the steady solution in the divergent section and the near-
field plume that are produced by the isolated nozzle in the absence of
the resonant tube are shown in Fig. 4. The plot at the top left shows
the flowfield without a needle, and the one on the right shows the
solution with a needle that extends to the exit plane.

The compression from the contoured nozzle wall coalesces to a
shock wave near the axis that initiates a diamond pattern both inside
and outside the nozzle. The presence of the needle has a minor effect
on the location and strength of this pattern. A weak expansion is also
initiated at the nozzle exit plane, indicating that the flow is very
modestly underexpanded. The two families of waves result in a
relatively complicated wave structure, as can be seen in Fig. 4, but it
is clear that the needle has no major effect on the flowfield.

The static p and stagnation p° pressure distributions along the
axial direction at three different radii [r =0,0.1, and 0.2 in.
(r/R =0,0.3, and 0.6)] are shown on the lower half of Fig. 4. The
radial positions of these pressure distribution plots coincide with the
axial lines in the top half of the figure. In the case without the needle
(on the left), in which the only dissipation comes from the shocks, the
total pressure along the radial positions off the axis remains almost
constant, whereas the total pressure along the axis decreases in
stepwise fashion as it crosses each shock.

In the case in which the needle is present (on the right), the
stagnation pressure at the two outer locations (/R = 0.3 and 0.6)
look very much like those without the needle. The stagnation
pressure on the centerline, however, is very much different from
these outer locations or the axis location for the case without the
needle. The needle, though very small, reduces the total pressure on
the axis to the local static pressure. Downstream of the end of the
nozzle, this total pressure on the axis is pumped back up by the
surrounding flow, so that it increases with distance. (The total
pressure for the r = 0 plot begins at the end of the needle.) The total
pressure deficit along the axis allows the evacuation of the tube,
thereby generating a regurgitant oscillation, as is shown later.

B. Effect of Needle Length on Tube Resonance

To investigate the impact of the needle on tube resonance, we
consider five needle configurations, including one case without a
needle and four with needles of different lengths. These five
configurations are shown in Fig. 5. Starting with configuration 1,
neither the needle nor its stem is present. In configuration 2, the

R =0.6
- 1R = 0.3
S iR =0

08 =

0.2

Fig. 4 Free jet pressure contours without a needle (top left) and with a needle (top right); corresponding static and stagnation pressure profiles versus
axial distance without a needle (bottom left) and with a needle (bottom right); stagnation pressure (solid line) and static pressure (dashed line).
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Fig. 5 Different needle configurations: 1) no needle, 2) needle ends at
the throat, 3) needle extends to half of the nozzle length, 4) needle extends
to the nozzle exit, and 5) needle extends halfway to the tube entrance.

needle ends at the throat, whereas in configuration 3, it extends
halfway between the throat and the exit plane. In configuration 4, the
needle ends at the exit plane of the nozzle, and in configuration 5, it is
extended halfway from the nozzle exit to the resonance-tube inlet.
Calculations of the five cases were started from a quasi-steady state
and continued until repetitive cycles were obtained.

Figure 6 shows the pressure oscillations on the axis of the
resonance tube at the closed end for each of the five needle
configurations. When the needle is not present (top curve), a high-
frequency oscillation of relatively low amplitude is present. In
addition, the presence of a weak longer wavelength (the quarter-
wave mode) can also be discerned. In configuration 2 (the needle
extends only to the throat), the quarter-wave oscillation becomes
more dominant and some of the high-frequency content s lost. As the
needle length is extended to the middle and end of the divergent
section (configurations 3 and 4), the amplitude of the quarter-wave
grows and the high-frequency wave continues to diminish. The
oscillation decreases when the needle is stretched beyond the nozzle
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Fig. 6 Pressure oscillation at the closed end of the resonance tube for
five different needle configurations shown in Fig. 5; frame 4 compares
solutions on two different grids.

exit plane (configuration 5). This may suggest that a longer needle
can block the path of the evacuation.

Two different sets of results are shown in the fourth frame of
Fig. 6, to compare the solution on a grid when the mesh is refined by a
factor of 2 in the axial direction with that on the original grid. The
results are qualitatively similar, indicating that the grid used in the
comparison series is sufficient for capturing the dominant features of
the Hartmann—Sprenger tube flows. Note that the solutions are quasi
periodic, with minor differences from cycle to cycle, because
complete periodicity is never reached. The primary difference
between the two grid solutions appears to arise because of period-to-
period variations rather than grid resolution.

Fourier analyses of the oscillations in Fig. 6 are shown in Fig. 7,
with results for configurations 1 and 2 in the upper plot and those for
configurations 3, 4, and 5 in the lower plot. The dominant frequency
for the case without the needle (configuration 1) is 4200 Hz, with a
second peak at 8400 Hz. The high-frequency modes observed
without the needle are indicative of the screech mode and are in
qualitative agreement with screech-mode frequencies reported by
Sarohia and Back [6] for the convergent-nozzle case.

The quarter-wave frequency (570 Hz) is the dominant mode for all
cases with the needle present. In configuration 2, in which the needle
ends at the throat, the high-frequency modes remain, but their
amplitude is much lower than without the needle. For the longer
needles in configurations 3 and 4, the amplitude of the quarter-wave
mode is approximately twice its strength as in configuration 2 (and an
order of magnitude larger than without the needle), whereas the
amplitudes of the higher frequencies are further decreased. The
second harmonic (1140 Hz) becomes quite strong in configurations 4
and 5, even though the amplitude of the quarter wave is decreased
when the needle is extended beyond the nozzle exit plane. These
results clearly show that the needle causes the oscillation to transition
from the screech to the regurgitant mode.

The leading frequency in the experimental measurements [16,24]
was 550 Hz, based on a needle that extended slightly outside the
nozzle. The present predictions of 570 Hz are in excellent agreement
with this measurement. In addition, the calculated quarter-wave
frequency based on room temperature (300 K) is 565 Hz. Both the
comparison with experiment and analyses of the unsteady flow
indicate that this quarter-wave frequency corresponds to a
regurgitant mode.

Quarter-wave frequency (570 Hz)

# Shock oscillation frequency
in jet screech ‘nﬂie (4200Hz)
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Fig. 7 Fourier analysis of the oscillation inside the resonance tube;
configurations 1 and 2 (top) and configurations 3, 4, and 5 (bottom).
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Fig. 8 Comparison of the computed end-wall oscillation (bottom) with
experimental measurement [16] (top); configuration 4 (solid line) and
configuration 5 (dashed line).
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Fig. 9 Decay of induced quarter-wave oscillation in the absence of a
needle.

A comparison between measured [16] and computed pressure
oscillations on the end wall of the tube is presented in Fig. 8 as a
function of time. Computational results for configurations 4 and 5
show pressure amplitudes of 6.3 and 3.8 atm, respectively. Both the
amplitude and shape of the computation with the needle ending at the
nozzle exit are in excellent agreement with the experimental
pressure-time curve for which the amplitude was 0.629 MPa. The
needle in the experiments extended slightly beyond the tube exit
[16].

As a final verification that the quarter-wave mode cannot be
supported in the Hartmann—Sprenger tube in the absence of a needle,
we present in Fig. 9 the transient response of the pressure at the
midpoint of the tube to a strong initial pulse. At early times, the
quarter-wave mode is strongly observed, but it quickly decays to zero
and is slowly replaced by a stable high-frequency screech mode of
relatively low amplitude, compared with the initial transient.
Continued processing of the case shown in Fig. 9 eventually leads to
the stationary high-frequency oscillations shown in Fig. 6. Similar
transient calculations show a relatively rapid transition to a stationary
oscillation when a needle is present on the axis.

C. Flowfield Structure in the Presence of Regurgitant
and Screech Modes

The results in the previous section indicate the importance of the
needle on the frequency and amplitude of the oscillations. In this
section, we compare the details of the flowfield structure of the
regurgitant oscillation with that of the screech mode in the absence of
a needle (configuration 1) to provide some understanding of the
manner in which the needle affects the flowfield.

Pressure and Mach number contours in the region between the
nozzle exit plane and the tube inlet are given in Fig. 10 for four
equally spaced times during one period of the regurgitant oscillation
thatis set up in configuration 4 with the needle extending to the exit of
the nozzle. In each of the four realizations, the pressure contours are
given in the upper half of the plot and the Mach number contours in
the lower half. Streamlines are superimposed on the Mach number

contours to help understand the flow dynamics. In all four plots, a
shock that responds to the dynamics of the flow can be seen in front of
the mouth of the tube. Detailed study of other times during the period
indicates that the shock is never completely swallowed, but during
the compression phase of the oscillation, a second shock enters the
tube, propagates to the closed end and reflects, to provide the
pressure maximum observed in the preceding figures. Upon reaching
the open end of the tube, the reflected shock produces an expansion
that evacuates the tube in preparation for the next compression. To
enhance the details of the flow near the inlet, this compression/
expansion process inside the tube is not included in the figures.
Additional details of the flow at these four time instants is given in
Fig. 11, which shows cross-stream profiles of the stagnation pressure
and axial velocity at six equally spaced intervals between the nozzle
exit and the tube inlet.

The first plot in Fig. 10 corresponds to the time at which the
compression shock inside the tube (not visible in these plots) is

t,+1/4T
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Fig. 10 Flow structure at four equally spaced times in a period during
regurgitant operation.
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x = 6/6d

o 0 400 0 400 0 400 0 400 0 400

Fig. 11 Stagnation pressure and velocity profiles at six equally spaced
locations between the nozzle exit and tube inlet at four times; stagnation
pressure (solid line) and axial velocity (dashed line); from the top: ¢ = ¢,
t=ty+T/4t=t,+T/2,and t =t, + 3/4T.

approximately halfway to the closed end. The upstream end of the
tube is therefore at a relatively high pressure, and the external shock
is oblique to the flow. This oblique shock diverts most of the
incoming flow around the tube and into the annular passage between
the tube and the shroud. The streamlines in this first plot also indicate
that there is a recirculation region at the mouth of the tube that creates
an interface between the incoming flow and the fluid inside the tube.
The velocity profile at the x = 6/6d location indicates that flow is
entering the tube only in a narrow region near the wall, but that flow is
exiting the tube over most of the diameter.

One-quarter of a period later (the second plot in Figs. 10 and 11),
the compression shock inside the tube has reflected from the closed
end and is again approximately at the midpoint of the tube. At this
time instant, the angle of the external shock has increased such that a
larger fraction of the incoming jet is entering the tube. The velocity
plotin Fig. 11 shows that the incoming flow is much faster than in the
first plot, but both the velocity profile and the streamlines in Fig. 10
indicate that fluid is still flowing out of the tube in the center.

The third and fourth plots in Figs. 10 and 11 correspond to the time
after the reflected shock has reached the open end of the tube and
expansion waves are traversing the tube to evacuate it. In the first half
of the reflection phase (the third plot in Figs. 10 and 11), the shock
from inside the tube has reached the exit and pushed the external
shock further away from the mouth of the tube so that it is nearly
normal to the oncoming stream (probably a strong oblique shock).
The high-pressure gases across the entire face of the tube are
emptying into the surrounding shroud, along with the mass flow from
the nozzle. A companion expansion wave is simultaneously
traveling toward the closed end of the tube. The final plot in Fig. 10
shows conditions in which the expansion wave has reflected from the
closed end of the tube and is approaching the open end. The tube is
nearly evacuated, and the mass replenishment portion of the cycle
shown in the first plot is about to begin again. The oblique shock
again appears and a slow, nearly uniform outflow occurs across the
mouth of the tube.

Details of the flow patterns inside the tube are given in the x—¢ plots
in Fig. 12. The topmost plot shows the pressure variation on the axis
of the tube, r/R = 0, over approximately two and one-half periods.
The left side of the figure corresponds to the open end, and the right
side represents the closed end. The corresponding velocity variations
for asingle cycle (denoted by the dashed lines in the pressure plot) are
shown in the bottom three plots for three different radial locations
(r/R =0,0.5,and 0.9). Although there are major radial effects in the
velocity plots, the pressure variations on these three radii are
essentially the same and, hence, only the /R = 0 results are shown.
To indicate flow excursions inside the tube, particle path lines are

superimposed on the velocity fields at the three radial locations.
Perhaps the most interesting aspect of the path lines is that at the
center of the tube (the /R = 0 location), the flow is always outward.
Near the middle of the tube, the particles are seen to move over
approximately 40% of the tube length, whereas as the closed end is
approached, the particle fluctuations decrease to zero.

These results, which reinforce observations from Figs. 10 and 11,
indicate that the regurgitant oscillations are dominated by two-
dimensional effects. Throughout the cycle, flow exits the tube on the

N
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Fig. 12 Inside-tube conditions in the x—f diagram; pressure contours at
r/R =0 for 2.5 periods (top) and velocity contours for one period,
r/R = 0 (second plot), r/R = 0.5 (third plot), and r/R = 0.9 (bottom).
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Fig. 13 Pressure (upper) and Mach number (lower) contours in nozzle/
tube inlet region at six equally spaced times in a period during screech
operation.

centerline, whereas near the outer edges, it vacillates between strong
inflow and strong outflow. This strong two-dimensionality, in turn,
arises from the stagnation pressure deficit on the axis that is created
by the boundary layer from the needle. This pressure deficit is seen in

Figs. 4 and 11. Note, in particular, that as the shock wave approaches
the normal condition (the third of the four times in Fig. 11), the
stagnation pressure deficit from the needle wake is augmented by the
shock losses and produces a very wide pressure deficit. Also note that
the subsonic flow in the needle wake is affected by the regurgitant
oscillation all the way to the needle.

Plots for the screech-mode oscillation (corresponding to
configuration 1 without the needle) are given in Figs. 13 and 14.
Figure 13 presents contour plots of the pressure (top half) and Mach
number (bottom half) for six equally spaced times during the period
of the screech oscillation. The shock structure and the flowfield in
these plots are dramatically different from those for the regurgitant
oscillation. The contour lines show a nearly normal shock sitting
outside the tube at all times, but there are essentially no contours
inside the tube, indicating that the level of pressure oscillations in the
tube is considerably smaller than in the regurgitant mode case.
Comparison of the six plots indicates that the shock position does
oscillate slightly. To clarify this movement, a vertical dashed line has
been placed on each plot to denote the time-averaged position of the
shock.

The six realizations indicate that the flow is less organized than in
the regurgitant mode, but the concentration of Mach number and
pressure contours at the entrance to the nozzle varies from plot to
plot, indicating the presence of weak compression and rarefaction
waves. Inspection of the flow at the mouth of the tube shows that it is
nearly one-dimensional in character throughout the cycle and that the
strong inflow and outflow characteristics of the regurgitant cycle are
not seen.

A pressure/Mach number plot showing streamlines (analogous to
Fig. 10) and the stagnation pressure and velocity profiles (analogous
to Fig. 11)is given in Fig. 14 for the time corresponding to the fourth
plot in Fig. 13. This plot again shows that the bow shock causes the
flow to deviate around the tube and into the passage between the tube
and the shroud. Although only one time is shown, conditions
throughout the screech oscillation are qualitatively like this. Also
note the much more uniform stagnation pressure profiles in front of
the tube. For the screech oscillation (without the needle), the flow in
front of the shock remains unchanged throughout the cycle.

III. Conclusions

The effect of a needle on the flowfield in a Hartmann—Sprenger
tube driven by the supersonic exhaust from a nearly uniformly
expanded convergent—divergent nozzle has been investigated by
means of computational solutions. The numerical results are based
on simulations of the Navier—Stokes equations coupled with a two-
equation turbulence model. The needle length has been varied
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Fig. 14 Pressure (upper) and Mach number (lower) contours in
screech with stagnation pressure and velocity profiles at six equally
spaced locations; stagnation pressure (solid line) and axial velocity
(dashed line).
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parametrically for a single nozzle/resonance-tube geometry. Results
are presented for oscillations without a needle and for needles of
several lengths.

Comparisons of the nozzle and exhaust flow in the absence of a
resonance tube show a weak Mach diamond pattern that is essentially
unaffected by the presence of a needle. Computations with the
resonance tube present, however, show considerable differences.
When the needle is not present, the jet flow sets up a screech-mode
oscillation that is characterized by high-frequency oscillations of a
normal shock sitting in front of the open end of the tube. The addition
of a needle amplifies the quarter-wave mode at the expense of the
high-frequency modes. The results suggest a gradual transition from
screech to regurgitant mode as the needle length is increased, but the
presence of even the shortest needle strongly favors the regurgitant
mode. Extending the needle beyond the nozzle exit appears to
decrease the intensity of the oscillations. The mode frequencies,
amplitudes, and wave shapes are shown to be in good quantitative
agreement with measurements.

Flowfield details show that the reduced momentum near the axis
created by the wake of the needle induces strong two-dimensional
effects in the entrance region of the tube while also impacting the
shock shape. The reduced velocity in the central part of the oncoming
stream allows outflow to occur near the centerline throughout the
cycle, whereas the outer portion of the tube experiences periodic
inflow and outflow. This low-speed region also induces an oblique
shock in front of the tube that turns the flow radially outward to
provide the two-dimensional flow. When the needle is not present,
the shock resembles a bow shock that oscillates forward and back
throughout the cycle, and the inflow/outflow characteristics are much
more uniform.
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