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each other. In their computational study, Zang et al.? also
captured the interaction between opposing shear layers, but
they infer that the incipient hairpin vortex in the lower half of
the channel is ‘‘swallowed’’ by the counter-rotating vorticity
due to the shear layer in the upper half. In the present calcula-
tions we do not observe this swallowing effect. As evident
from the vortex line plots, our results point toward the full de-
velopment of the lambda vortex and the hairpin vortex. Fi-
nally, Fig. 4 presents streamwise vorticity contours at fixed x,
locations corresponding to the tip of the hairpin and displays
the evolution of this vortical structure already depicted from
the vortex-line plots and the velocity vectors. At later times,
the streamwise vorticity contours reveal the development of
several pairs of counter-rotating vortices instigated from the
breakdown of the primary vortex.

Concluding Remarks

In this work, channel flow transition is visualized through
the use of vortex lines representing vortex sheets. These vortex
lines track the evolution of nonlinear structures, which
manifest themselves as vortex tubes and hairpin vortices.
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Control of Natural
Laminar Instability Waves
on an Axisymmetric Body
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Introduction

HE response of a two-dimensional laminar boundary-
layer instability (so called Tollmien-Schlichting, or TS,
waves) to wave superposition has been the subject of several
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recent investigations. Liepmann et al.! demonstrated the
generation of artificial TS waves on a flat plate using periodic
pulsing of heaters embedded in a flat plate in water. Later,
Liepmann and Nosenchuck? used this technique to actively at-
tenuate the ‘“naturally’’ occurring TS waves and to increase
the length of laminar flow on the flat plate. Gedney® used
plate vibration to attenuate sound-produced artificial TS
waves. Thomas* used two vibrating ribbons on a flat plate in
air. Milling® performed a similar operation with vibrating rib-
bons in a water channel. Except for Liepmann and Nosen-
chuck,? all of these experiments used artificially produced TS
waves. The logical progression of this technique is the ability
to deal with random disturbances, as would be found in most
flows of interest. This experiment addresses that problem.

Experimental Apparatus

The facility used was the Naval Ocean Systems Center high-
speed water tunnel. This tunnel has a 305-mm circular open
jet, where velocities up to 15 m/s are possible. The turbulence
level (u’/U,) is a respectable 0.16% throughout the speed
range.

The axisymmetric body used was a 9:1 fineness ratio ellip-
soid of revolution. The diameter of the midsection was 50
mm. The ellipsoid maintained a true elliptical outline until an
axial distance (x) of 397 mm, at which point constant slope
was maintained to intercept the support diameter of 25.4 mm.
The pressure distribution of this model is similar to a
Reichardt body and is very flat, making this model essentially
the axisymmetric equivalent of a flat plate. Previous experi-
ments with identically shaped models have shown transition
Reynolds numbers of about 2.8 million, which agrees well
with the measured 0.16% turbulence level of the tunnel.

It was found that the ‘‘natural’’ TS waves occurring on this
body would form wave packets, whose phase and amplitude
were random. For the case presented here, the frequencies of
the wave packets ranged from approximately 700 to 1400 Hz.
The origin of these waves was presumably from the back-
ground freestream turbulence of the tunnel (hence the term
“natural’’ as opposed to artificially produced). Comparison
with spatial linear stability theory showed the center of the TS
wave frequency spectrum to follow the upper branch of the
linear stability curve. This is expected behavior for a body
with a flat pressure distribution, whose stability curve is essen-
tially unchanged with axial location. At frequencies higher
than the center frequency, the TS waves are being damped,
eventually to be of no concern. Frequencies lower than center
are still in the process of being amplified, yet to reach overall
peak amplification. The center frequency has reached its peak
amplification and is about ready to be damped (e.g., zero
amplification rate, the upper branch of the stability curve).

Method and Results

The control of randomly occurring TS waves requires a sen-
sor before or coincident with the control actuator. Here the
sensors are flush-mounted hot films. This model had the con-
trol actuator at a location well downstream from the nose.
This allowed an ambient TS wave to amplify enough such that
a shear-stress sensor could reasonably be expected to sense the
presence of a TS wave before arriving at the actuator. This re-
quires an actuator that can produce large control perturbations.

Our goal for an actuator design was to be able to produce a
perturbation of 1% of freestream velocity at a frequency of
1000 Hz. Initial attempts at using a strip heating element as in
Ref. 6 failed to produce a survivable heater element that could
produce the required perturbation. A different design was
tried that used a small commercially available acoustic speaker
with a 21.6-mm stainless-steel diaphragm. This speaker fit
conveniently inside the model, with the diaphragm perpendi-
cular to the model axis. The function of the speaker di-
aphragm was to change the volume of a small cavity inside the
model, to produce suction/blowing through a circumferential
slot, oriented normal to the flow. The slot wide was about
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Fig. 1 Block diagram for ‘‘invert-and-delay’’ control loop. Numbers
correspond to traces in Figs. 2 and 3.

0.075 mm and was essentially continuous around the model.
The axial location of the suction/blowing slot was 130 mm.
Also installed was a flush-mounted hot-film sensor at an axial
location of 125 mm (just before the slot) and another sensor
directly downstream at an axial location of 152 mm. It was
found that this actuator was very capable of producing large
shear perturbations on the downstream hot-film sensor.
Although the slot would produce a suction/blowing perturba-
tion around the circumference of the model, this experiment
could deal only with one azimuthal location (the top or 0 deg).
No attempt was made to address the problem of the cir-
cumferential variation of the TS waves on this body (which
were considerable and seemed to be related to the low-
frequency background turbulence).

An extremely simple (minded) control system was devised
for this system (Fig. 1). The control signal applied to the ac-
tuator slot was a time-delayed image of the signal arriving at
the forward shear sensor (labeled ‘‘reference signal’’). The
gain (multiplying factor) and time delay are initially unknown,
being various functions of TS wave growth, phase speed,
mechanical phase lag, filter delay, power amplifier gain, etc.
The function of the controller is to adjust the variables of time
delay and gain factor such that a minimum signal (rms) ap-
pears at the downstream hot film. A hybrid digital-to-analog
controller system was developed to perform these functions.
The digital portion of the system implemented the time-delay
loop and the binary search algorithm for the time delay and
gain. The functions of gain multiplying and rms calculation
were performed using analog circuit elements. The simple op-
timization algorithm used an initial guess for time delay and
the initial gain and time-delay increments. A binary search was
then performed for the optimum time delay and gain. The
search increments were normalized to the rms voltage of the
second sensor (i.e., smaller rms, smaller step sizes). This type
of control system has been called an ‘‘invert-and-delay’’ type
of control.

Figures 2 and 3 show the action of this control system on TS
waves at a freestream velocity of 8.67 m/s. Figure 2 is the for-
ward and aft shear-stress signals with no control. Figure 3 is
the same conditions after control. For the particular sample
records shown, the ratio of the aft shear-stress rms to the fore
shear stress has been reduced by about 55% with control. Us-
ing a 5-s running average, the rms voltage has been reduced by
about 53% after control.

Conclusions

Figure 3 shows that random Tollmein-Schlichting waves can
be controlled, to some extent, using a suction/blowing slot
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in Fig. 2.

and a simple control algorithm. The suction/blowing slot ap-
pears to be a powerful method of introducing perturbations
into a laminar boundary layer. The implementation of the
invert-and-delay algorithm used in the present study is in no
way optimum, but was only a first attempt at control. In this
experiment, the transfer function from the forward hot-film
sensor to the suction/blowing slot is approximated with a sin-
gle time delay and gain. A more sophisticated control loop
would include the effects of TS wave frequency on phase
speed and amplification and, presumably, would achieve bet-
ter control.
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Analytical Modeling of
Nonradial Expansion Plumes

Iain D. Boyd*
University of Southampton, Southampton, England,
United Kingdom

Introduction

HE Simons model'-? is a simple analytical model used in

the calculation of axisymmetric rocket and thruster ex-
haust plume flowfields. The model proposes that the density p
at the point (r,0) in the axisymmetric plane is given by

o0 = 5.76) M)

where A is the plume constant and f(6) is the angular density
distribution. It is therefore assumed that the density diverges
radially. A description of the procedures for the determination
of A and f(#) for a particular nozzle geometry and gas type are
included in Ref. 2.

Due to its analytical nature, the Simons model is a widely
used engineering tool. It is often employed, for example, in the
swift calculation of impingement effects associated with a
satellite attitude control thruster system.’

It has been shown by Boyd and Stark* that, for certain
plumes of nitrogen expanding from small nozzles, the assump-
tion of radial decay gives rise to unsatisfactory results in calcu-
lations made with the Simons model. Errors of up to S0% were
noted for the prediction of the density distribution along the
plume axis for which experimental data was available. This
phenomenon was observed to occur for nozzles having a large
exit Mach number and/or a large nozzle exit half-angle. By
making successful method of characteristics calculations of
similar plumes, a new analytical formulation was derived. This
new method has been termed the Modified Simons model and
allows the nonradial nature of such plumes to be successfully
predicted. Specifically, the assumption of radial expansion is
replaced in the Modified Simons model by the following:

A

p(r,0) = r—z——ar:_bf(e) 2

where
a = 30¢Magre 3a)
b = 50:Mapr (3b)

In Egs. (3), 8¢ is the nozzle exit half-angle expressed in radians,
Mag the nozzle exit Mach number, and ry the nozzle exit
radius. The exit Mach number is obtained by iterative solution
of the following expression for the ratio of the area at the
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nozzle exit to that at the nozzle throat:

“

where v is the ratio of specific heats. The area at the nozzle exit
is that reduced by the presence of any boundary-layer thick-
ness along the nozzle wall. Under certain conditions it is possi-
ble for the denominator in Eq. (2) to become negative. Gener-
ally, the behavior of the model at distances of less than 5 exit
radii from the nozzle is not reliable.

While these expressions have been derived for the expansion
of nitrogen, which has v = 1.4, it was shown in Ref. 4 that their
application to a hydrazine plume, in which y=1.37, also gave
significant improvement on the original Simons model when
compared with experimental data. The expressions have there-
fore been found to be of great value in improving the predic-
tion of plume flows for gases in which the ratio of specific
heats is close to that for a diatomic gas.

For most expansion plume investigations undertaken in the
laboratory, the test gas is nitrogen. But in real propulsion
applications the use of solid fuel and bipropellant systems is
more common. Depending on the specific fuels employed, the
ratio of specific heats may be very different from 1.4, It is
therefore the purpose of the present study to determine the
usefulness of the Modified Simons model as applied to mon-
atomic and polyatomic gas expansions.

Calculations

The expansion of nitrogen (N,), argon (Ar), and tetrafluo-
romethane (CF,) through a number of nozzles has been inves-
tigated experimentally by Legge et al.” One of the nozzles
considered is the MBB/ERNO 0.5N thruster. This engine is
designed to burn monopropellant hydrazine and its expansion
plume has received detailed analysis by Boyd and Stark. In the
present study, calculation is made of the expansion of the three
test gases through this nozzle and the results are compared
with experimental data obtained along the plume axis.”

Although the nozzle geometry is fixed, the structure of the
exhaust plumes for the three different gases is quite different.
In addition to having different values for v (see Table 1), vis-
cosity effects along the nozzle wall will also be important. For
the small dimensions of this thruster (the exit radius is less than
3 mm), a thick laminar boundary layer exists at the nozzle exit
plane. The reduction in volume of the inviscid flow at the
nozzle exit plane reduces the exit Mach number as calculated
by Eq. (4), and thus has a direct effect on Eqs. (3). It is this
aspect of such calculations that makes difficult the derivation
of a more generalized Modified Simons model. The calculated
exit plane quantities, together with the plume constant em-
ployed, are listed in Table 1 for each of the gases.

In Fig. 1 the distribution of Pitot pressure along the plume
axis is shown for the expansion of nitrogen. The improvement
provided by the Modified Simons model is quite apparent.
Calculations made with the original Simons model are found
to be in error by as much as 35% when compared with the ex-
perimental data obtained in the near field of the plume. Al-
though the two sets of theoretical solutions are observed to
converge at larger distances along the axis, there is still an error
of 11% associated with the original Simons model result ob-
tained at the last available experimental data point. The corre-
sponding value obtained with the Simons model shows a devi-
ation of just 3% from the experiment. )

The expansion of monatomic argon is now considered. The
ratio of the theoretical predictions of pitot pressure to the
values obtained experimentally are plotted in Fig. 2. The im-
provement attained with the Modified model in comparison to
the results obtained with the original Simons model are quite
satisfying. A significant improvement in the results is found
particularly at larger distances from the nozzle exit plane.
Similar plots for tetrafluoromethane are shown in Fig. 3. Once



