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Introduction

HE development of a time dependent flow test facility

has been attempted by a variety of methods. Mitchell!
employed a technique in which the model was moved in
relation to the flow, passing orthogonally through an open jet
wind tunnel. Gilman and Bennett? employed a tunnel in
which the gusts were produced by a set of airfoils mounted in
a biplane arrangement on the opposite walls of a wind tunnel.
As these airfoils were oscillated in a sinusoidal fashion, they
induced an oscillating flow between them. Other methods
include employing moving sinusoidal waves in the test section
walls,? oscillating the inlet section of an open circuit tunnel,*
an oscillating array of airfoils,> and circulation control on a
set of elliptical airfoils.

The method which is probably the closest to that of the
present investigation is due to Simmons and Platzer,” who
employed a pair of jet flaps. Each of the jet flaps is a
fluidically oscillating jet driven by a pair of control jets, one
on either side.

As a consequence of an effort to develop fluidically con-
trolled time dependent jets for application to several diverse
problems,®? a new technique was proposed for the con-
struction of a high frequency gust tunnel.!® The method of
- operation of the fluidic nozzle is as follows: the flow passes
through the throat of the jet nozzle (Fig. 1) and into a rapid
expansion region. Because of the relative proximity of the
walls, the flow must attach to one side of the expanded region
or the other. This bistable condition can be strongly in-
fluenced by a small pressure difference between the two sides
of the expanded channel. In a normal fluidic oscillator or a
fluidically oscillating jet,®1! this pressure difference is
supplied by a feedback system between the two sides. In the
present case, this pressure difference is created by the rotating
valves shown on each side of the jet. The valves are rotated
out of phase with each other, so that one is open when the
other is closed. The resuiting flow always attaches to the
closed side and thus provides a jet which oscillates from side
to side. 12

The actual gust tunnel design involves a number of these
nozzles and is shown in Fig. 1. The tunnel flow passes between
the individual nozzles so that the flow actually guides the
tunnel flow from side to side.

Some of the potential advantages of this method of gust
generation are as follows: 1) high frequency capability; 2) low
torque motors required; 3) capable of producing transverse or
longitudinal gusts; 4) capable of producing various wave
forms; 5) capable of producing programmed transverse
disturbances; 6) capable of various phase relationships
between components; and 7) capable of uniform flow across
tunnel.
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The Experiment

Tunnel size limitations lead to some problems because the
control valving is not as easily reduced in size as the remainder
of the geometry. There is, for example, separation of the
tunnel flow from the nozzle body just before the nozzle exit, if
the exit velocity is very low.

The jet exit velocity is 108 m/s while the tunnel velocity is
26 m/s. The resulting jet Reynolds number based on nozzle
velocity and exit size is Re=3.8x104. At an oscillation
frequency of 60 Hz, the reduced frequency is k=0.055 based
on the nozzle spacing and an average velocity of 40 m/s.

A constant temperature hot wire anemometer is employed
to survey the instantaneous velocity field. While the hot wire
continuously samples the flow velocity, the signals are only
recorded when the flow is in a specified orientation as
determined by the rotating valve position. Thus, all data
recorded with the sampling electronics at a given setting apply
to the same instant in the oscillation cycle, and, effectively,
the data are instantaneous (as long as the cycles are suf-
ficiently repeatable).

Jets in Phase

As discussed in Ref. 10, the multijet tunnel is conceptually
capable of producing both lateral and longitudinal gusts
depending on the phase relationship between the various
nozzles. If the nozzle flows are all oscillated in phase, they
produce a rather large oscillation in transverse velocity (or-
thogonal to the mean tunnel direction). This may be seen in
Fig. 2.

The instantaneous velocity distribution produced by the
nozzles is shown in Fig. 2 at the instant the jet flow is in the
extreme upward position. Since the distance from the nozzle
exits is not large (20 nozzle exit sizes), there is still evidence of
the jet nozzles in the streamwise velocity profiles. However,
even this close to the exits, the velocity ratio between the peaks
and valleys has been reduced from more than four at the
nozzle exits to less than two. Perhaps more important is the
existence of a strong lateral velocity, equal to more than 3%
of the jet exit velocity or almost 10% of the local average
streamwise velocity. The dashed line on the velocity profiles is
the zero value before correction for a bias in the mean tunnel
direction.

A similar effect is evident with the jets in the downward
orientation (i.e., 180 deg phase difference). There is some
shift in the streamwise velocity but an even larger effect
occurs in the transverse velocity.!? The difference in the
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Fig.1 Geometry of the experimental subscale pilot gust tunnel.
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Fig. 2 Flowfield at X=20 for the in-phase configuration in the
upward orientation.
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Fig. 3a Flowfield at X =20 for the out-of-phase configuration and
an inward orientation.
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Fig. 3b Flowfield at X =20 for the out-of-phase configuration and
an outward orientation.

transverse component between these two particular points in
the cycle, is roughly 15-20% of the mean streamwise velocity.

If the test section is moved to a position farther down-
stream relative to the nozzle exits, then the nonuniformity in
the streamwise velocity will be rapidly reduced while the
transverse -oscillations with time will likewise decrease. The
position of the test section is dictated, to some extent, by the
fluid dynamic problem to be simulated. Farther downstream
is probably best for application to aircraft gust response
studies while the conditions reflected by Fig. 2 are perhaps
more appropriate to the study of cascade wakes. The
streamwise gust, as a percentage of the mean streamwise
velocity, decays from a value of over 15% at 20 jet widths
downstream to a value of 7% at 50 jet widths.

An important potential of the present gust tunnel concept is
the ability to create a transverse disturbance which passes
across the tunnel. As discussed in Ref. 10, such a disturbance
can be generated by designing the rotating control valves in
such a way as to cause the jets to periodically skip an
oscillation. That is, a jet remains attached to one side while
the remainder of the jets proceed through another cycle. This
skipping occurs in successive nozzles on successive cycles, so
the disturbance marches across the tunnel test section. This
effect can then be examined as an analog to rotating stall.
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However, in order to include the required changes in the
control valves, the scale of the experiment must be con-
siderably increased and thus cannot be examined with the
existing apparatus.

One difficulty which appears in Fig. 2, and will also be
obvious in the out-of-phase results, is the end effect of the set
of nozzles. There is a finite number of nozzles in the tunnel,
and since the nozzle exit velocities are larger than the tunnel
velocity, the tunnel stream is actually entrained by the nozzle
flow. Thus the entire set of nozzles entrains the entire tunnel
flow, producing an inflow at the ends of the nozzle bank (i.e.,
a flow toward the center of the tunnel). The effect may be seen
in the upper portion of Fig. 2 where the expected upflow is not
seen but is countered by the entrained flow leading to a very
small downward flow. Similar results are found at the bottom
of the nozzle bank if the flow is in the downward orientation.
For application, this effect may be minimized by employing a
larger number of nozzles and then making use of the more
central portions of the velocity field.

Jets Out of Phase

In an attempt to produce longitudinal gusts, the relative
phases of the four jets are set such that the two upper jets are
180 deg out of phase with the two lower jets. The two sets of
jets are then alternately aimed toward and away from each
other. The flowfields corresponding to these two situations,
measured at a position 20 jet thicknesses downstream, are
shown in Fig. 3. In each case the transverse velocity is roughly
zero at the tunnel centerline (after being corrected for the
tunnel bias) and consistent with the jet orientations for
positions off the tunnel axis.

Especially interesting is the possibility of using the tunnel
centerline position as a test section. Comparing the centerline
velocities of Fig. 3a with 3b, it is clear that a longitudinal gust
of roughly 25% of the local velocity is produced.

The effect of the entrainment of the tunnel flow by the
unsteady jets themselves is again evident, especially in the
upper portion of Fig. 3b. There the v velocity component is
expected to be positive (upward), but in fact is somewhat
downward (negative), reflecting the presence of the en-
trainment velocity. As discussed above, this effect can be
minimized by including more nozzles in the gust tunnel
design, or contouring the tunnel walils.

Conclusions

Subscale experiments with a gust tunnel driven by a bank of
unsteady oscillating nozzles operating in a fixed phase
relationship indicate that such a device can be employed as a
means to generate both lateral and longitudinal gusts. The
gust percentage can be rather large, approaching 20% of the
mean flow value. For smaller percentage gusts, small spacial
deviations in the streamwise velocity can also be produced.
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Introduction

MALL volume, conical-shaped arc-drivers utilizing

plastic diaphragms that burst concurrently with the start
of the arc strike have produced high shock speeds with a
simplicity of operation that is attractive.!? Because the
optimization of shock-tube performance by experimental
means is costly and time consuming, it would be helpful to be
able to calculate the actual energy discharged within the arc
chamber with the preset driver conditions necessary to achieve
a desired shock speed. The gasdynamic performance and the
electrical operation of arc-heated shock tubes can be
predicted? with the use of two newly developed computer
codes, EGEN and ERES.4 EGEN calculates the maximum
incident shock Mach number produced in the driven tube as a
function of the time history of the energy input to the arc
driver and is the subject of this Note.

EGEN Model and Program

The EGEN model was developed to examine the unsteady
gasdynamics of a constant-area, arc-driven shock tube in
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which the diaphragm (plastic) bursts immediately with the
start of the arc discharge. The arc discharge then continues to
heat that proportion of the driver gas which remains in the
driver chamber, while the rest of the driver gas expands down
the shock tube driving the incident shock wave. The energy
addition to the gas during the discharge period referred to in
this Note is that transferred by Joule heating only.’ It is
assumed that the process is adiabatic, that the heating is
spatially uniform throughout the driver chamber at any one
instant, and that the heating is a function of time only. The
equation of state of an ideal gas is also assumed. Viscous
losses due to shock movement and irreversibilities during
wave coalescence have not been considered. Also, as a first-
stage solution, the length of the driven tube is not considered.
It is merely assumed to be long enough in all cases for the
shock reinforcement process to have given the shock its
maximum value.

The unsteady gasdynamic calculations were implemented
using a stepwise numerical process in which the selected’
energy input curve, as typified in Fig. l1a, was divided into 40
equal energy increments, the time between increments being
determined from the particular curve under examination.
Each increment then consisted of an instantaneous energy
input followed by a short expansion period when no energy
was added. Numerical investigation showed that the solution
using 40 increments was within 2% of the asymptotic value
when the number of increments approached infinity. There is
no restriction on the size or shape of the energy input curve.
The EGEN model is therefore well suited to the examination
of trends relating to parametric variation of the energy input.

As the energy addition (heating) commenced, the
diaphragm burst at time =0 and a wave pattern formed in
the usual way—a shock wave moving downstream and a
rarefaction wave moving upstream. Reinforcement of this
shock wave then followed due to the driver gas heating. For
the chosen increments, instantaneous (i.e., constant-volume)
heating allowed a pressure and ‘a temperature rise to be
calculated, using the mean driver gas mass. Using this new
pressure at the diaphragm station, a matched wave system can
be determined by equating the pressure and particle velocities
between the two wave systems. Driver outlet pressure,
temperature, and gas velocity were thereby determined; they
were assumed to remain unchanged for the remaining part of
the increment in which no further energy addition took place.
During the latter section, constant properties at the driver exit
allow the mass flow rate, and hence the total mass efflux
during the time period, to be evaluated. The average gas
density for the next increment was obtained by subtracting the
stepwise decrement and dividing by the known driver chamber
volume. The average values for the new state were found by
isentropic expansion to this density. ‘

As calculations for each increment were completed, the
conditions of the gas at the driver exit were evaluated. The
reinforcing process was simplified by expanding this gas
isentropically until the pressure and particle velocity matched
the increasing values behind the shock. For the shock, as for
all EGEN code calculations, the thermodynamic properties
were taken from Ref. 6; these have an upper limitation of
5000 K. In the interest of examining the general trends of the
model, this temperature was substantially exceeded. Adap-
tation of the EGEN code, using better high-temperature
thermodynamic gas properties of hydrogen, is being un-
dertaken. Also, as an initial simplification, the ideal gas
shock-wave equations were used.

The EGEN program was configured primarily to determine
the final shock Mach number generated by a specified energy
input. The program requires as input data the gas load
conditions for the driver and driven tubes, the dimensions of
the arc chamber, and the selection of the time rate and
magnitude of the energy input. The computations stop if the
amount of gas in the driver drops to zero before the 40 in-
crements are completed.



