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Fig. 4 Comparison of calculated and experimental shock

shape parameters: 5 = 10°.

Figure 5 shows lines of constant temperature, density,
entropy, and pressure in the windward shock layer of the
cone at an angle of attack of 60°.

The shock-shape parameters plotted in Fig. 4, as well as
additional results not presented here, indicate the following:

1) The difference between the body and shock wave angle
of attack (a& — as) is small, so that once the desired body
angle of attack is specified the shock angle of attack can be
accurately estimated. Thus, Bs and 6<?s = o are essentially the
only unknowns that must be estimated to define the shock
shape.

2) 6<f>s=o does not vary rapidly with angle of attack. The
value for zero angle of attack can be used as an initial esti-
mate.

3) At zero angle of attack the shock shape is circular and
therefore, Bs = 1. With increasing angle of attack the shock
shape becomes more elliptical, and the value of Bs decreases.
(Bs was found always to have the same general variation, so
that after gaining some experience accurate values could
easily be estimated.)

For all results, the assumption that the shock shape could
be estimated by the equation for a conic was found to be
valid.
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A Random Signal Multiplier for
Turbulence Measurements

V. KRUKA*
Syracuse University, Syracuse, N. Y.

IN the study of turbulent diffusion of a scalar quantity such
as temperature it is of interest to investigate correlations

of velocity-temperature fluctuations. These correlations are
necessary for balancing the perturbed energy and higher
order temperature correlation equations. The latter is ob-
tained by multiplying the turbulent energy equation by the
temperature fluctuations and averaging over time. The
result gives a relation between convection, production, and
dissipation of temperature fluctuations. The double cor-
relations found in the energy equation are easily determined
by conventional means. The higher order temperature
correlation equation, however, gives rise to triple correla-
tions such as <62Ui>, where 6 and Ui represent temperature
and velocity fluctuations, respectively. It is for the evalu-
ation of these quantities that the random signal multiplier
was designed.

Physically, these correlations are measured by means of a
3-wire hot-wire probe, with the wires placed in the usual X-
array but with two wires parallel to each other. For tempera-
ture fluctuation measurements one of the parallel wires is at
an overheat ratio, the ratio of hot to cold resistance, different
from the others. The various mean voltage products <ei€jek>
obtained from the three wires determine the desired double
and triple correlations. Often, for the purpose of tempera-
ture fluctuation measurements, it has been customary to
assume that a wire at a low overheat ratio behaves as a re-
sistance thermometer, whereas one at a high overheat ratio
responds only to velocity changes. The errors introduced
with this assumption are not always negligible. For instance,
in the case of tungsten wires, with an upper practical over-
heat ratio limit of 1.8, subjected to 10% turbulence and 2°F
rms temperature fluctuation, 20% of the signal from the wire
is due to temperature effects. Platinum wires with their
inherently higher possible overheat ratios will improve but
not avoid the approximation. The multiplier removes this
source of error by allowing for sensitivity to both velocity
and temperature on all wires.

A schematic circuit diagram of the random signal multi-
plier discussed here is shown in Fig. 1. The device is based

Fig. 5 Variation of shock layer properties for a 10° half-
angle cone at 60° angle of attack: Vm = 18,000 fps and h =

50,000 ft.
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on the quarter-square principle, i.e.,

The squaring in this instance is performed by electron beam
deflection tubes (Raytheon QK329) as first proposed by Miller
et al.1 For operation, these tubes require ± (e\ + e%) and
± (ei — 62). The inverters at the multiplier input provide
± ei and ± 62, which are then combined into the desirable
form by the summing network. The summing is achieved
by a simple, passive resistance network that has a gain of
0.3. The behavior of the beam deflection tubes is poor for
small voltages, so that the output of the summing network
is boosted by a factor of 10 in the amplification stage. Ampli-
fication at this point in the circuit requires four additional
operational amplifiers. A similar increase in the signal level
could be achieved by only two amplifiers at the multiplier
input. However, for the particular operational amplifiers
employed here (Philbrick, Inc., amplifiers) this procedure
would have overdriven the inverters. Provision for adjust-
able capacitors is found necessary on the input resistors of
the amplification stage to compensate for stray capacitances
in the preceding circuitry. Since a precise mechanical center-
ing of the electron beam in the beam deflection tube is im-
possible, it must be achieved electronically through external
circuitry. The biasing on the amplification stage serves this
purpose. The output of the beam deflection tubes provided
at the targets is at a level elevated above that acceptable
to the subtracter. Furthermore, the level of the two tubes
need not be necessarily equal. The biased reduction net-
work preceding the cathode follower balances the two tubes
and brings the signal near ground level. The cathode
follower prevents the drawing of excessive currents from the
beam deflection tubes. After the final operation, the sub-
traction, the output has an over-all gain of ^-, a value that is
determined by the choice of resistances in the circuitry.
The time-mean of the product is easily obtainable; applica-
tion of the multiplier output to a simple resistance-capaci-
tance "integrating" network of the appropriate time constant
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Fig. 1 Multiplier schematic circuit diagram.
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Fig. 2 Multiplier frequency and amplitude response.

and observation of the "integrator" output on a high imped-
ance electronic d.c. voltmeter will give the desired value.

In constructing the multiplier care has to be exercised in
the choice of some of the circuit elements. The resistors in
the summing network and around the operational amplifiers
are of the film type, offering small internal capacitance and
inductance. This precaution minimizes distortion due to
phase shifts. For the purpose of avoiding distortion due to
amplitude differences, these resistors are also matched to
within 0.02%. Cost considerations led to the use of un-
stabilized operational amplifiers. Performance and ease
of operation would be enhanced by stabilized amplifiers;
in particular they would remove the need for long warm-up
times and bothersome biasing adjustments. The output
of the beam deflection tubes is affected by small changes in
all internal voltages. To avoid errors due to supply voltage
variations, the cathode and plate voltages are kept at a con-
stant — 75 and +220v d.c., respectively, by voltage regu-
lating tubes. In addition all heating currents are regulated.
Use of filters on the cathode and plate supply to remove a.c.
ripple and use of d.c. heating currents yielded a low final noise
figure of 200Atv referred to the output. As the beam deflec-
tion tubes are not shielded by the manufacturer, the electron
beam will be deflected by spurious external fields unless pro-
tected by the user. Finally, the input impedance of the
multiplier is too low for conventional hot-wire anemometers,
so that voltage followers have been added at the input for
impedance matching.

Initial circuit adjustments are easy to perform once it has
been determined that the gains of the voltage followers, in-
verters, and subtracters are unity, whereas those of the
amplification stage are equal to each other. After sufficient
warm-up time the voltage followers and inverters are biased
for zero d.c. shift. Then the adjustable capacitors of the
amplification stage are set for zero phase shift between the
multiplier input and the amplification stage output. This is
achieved by first letting ei = e2 = E smut and adjusting the
capacitors on the ± (ei + e2) amplifiers, then allowing e\ =
—e^ and correcting the remaining two capacitors. To center
the beam deflection tubes again let ei = ez, display (e± + e2)
vs Ke^e^ and adjust either one of the (ei + e2) amplification
stage biases till both legs of the displayed parabola have
the same height. The same procedure, after letting e\ =
—e2, is followed for the (ei — e2) amplifiers. It might be
necessary to repeat the last two steps several times. The
reduction circuit after the beam deflection tubes must be
balanced such that the attenuation and signal level is equal
on both (ei + e2)2 and (el — e2)2. This is achieved by ad-
justing the 5000 ohm pot until a linear relation exists between
ei and the output for e2 = 0. Finally the subtracter bias is
set for zero output under the condition of e± = e2 = 0.
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Fig. 3 Multiplier phase lag.

The performance of the multiplier, as indicated in Fig. 2,
seems satisfactory for turbulence measurements. The fre-
quency response was obtained under the most strenuous con-
ditions, the squaring of a sine wave which involves doubling
of the input frequency. The response is acceptable up to
50 kc, a value rarely exceeded in subsonic flows. A 50
fold range, flat within 0.5 db, is indicated for the amplitude re-
sponse. There is an undesirable loss in gain near zero input
voltage. However, if the signals to be multiplied cover the
whole amplitude range, then only an insignificant portion of
the desired product is affected. When working with random
signals, such as encountered in turbulence measurements, the
exact amount of the error is indeterminable since the wave
forms and amplitudes are unknown. For the case when e\ =
e2 = E sino^, the error in the product is 20% for E = 0.07 v,
only 3% for E = 0.10 v, and rapidly goes to zero for increasing
E. The gain of the amplification stage determines the usable
amplitude range and was chosen to conform with a particular
hot-wire anemometer in mind. It can easily be set at any
desirable level by change of the feedback resistors.

For measurements of triple voltage products, two multi-
pliers are used in series. Care must then be taken in regards
to phase shifts between the first product (e^ and the new
signal 63. Figure 3 gives the phase lag of the multiplier
output as a function of frequency. The phase shift is sub-
stantial, but up to 50kc it is linear with frequency. Thus
a simple, constant-time delay circuit can be used to put e3 in
phase with the product (e^).
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Structure of Gaseous Detonations in a
Convergent-Divergent Channel

JOHN H. LEE,* ROM AS KNYSTAUTAS,!
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McGill University, Montreal, Quebec, Canada

SUFFICIENT evidence has been gathered in recent years to
show conclusively that gaseous detonation waves are

unstable.1 The structure of the detonation wave is extremely
complex, consisting of localized ignition heads. Combustion
spreads in the transverse direction along the shock front and
results in a highly turbulent reaction zone. A technique to
achieve a laminar detonation was proposed by White2

utilizing a convergent-divergent channel. The concept be-
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hind this technique is to produce a highly overdriven detona-
tion wave in the convergent channel so that the detonation
wave in the divergent channel remains sufficiently overdriven
to retain a laminar structure, at least as a transient condition.
The spark interferogram of White does indicate that a laminar
reaction zone was achieved. In this note, some experimental
observations of the structure of a gaseous detonation wave
propagating in a convergent-divergent channel are reported.
Equimolar acetylene-oxygen mixtures were used, and the
experiments were performed at subatmospheric initial pres-
sures ranging from 4- to 8-cm Hg.

To observe the structure of the detonation wave, the open-
shutter technique was used. The technique is to focus the
transparent window of the convergent-divergent channel onto
a stationary film. The shutter of the camera is kept open
throughout the duration of the experiment, and the aperture
is adjusted so that normal burning is not recorded and only
the highly luminous ignition heads can cause sufficient ex-
posure on the film. This technique works best when the

Fig. 1 Open-shutter records of the propagation of a de-
tonation wave in a convergent channel. Equimolar acety-
lene-oxygen mixture at an initial pressure of 60-mm Hg
is used. An enlarged view of the multihead structure of
the detonation wave is shown in c). The thickness of the
channel is 2 mm. The direction of propagation of the

detonation wave is indicated by arrows.


