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PREFACE

This report was prepared by Bolt Beranek and Newman Inc.,
Cambridge, Mg§§gghusetts 02138, under USAF Contract Number
F33615—76—R£3051) The objective of this investigation was to
continue thé\aéQélopment of the Optical Convolution Velocimeter,
optimize its optical system and signal processing, consider its
environmental suitability, build a second prototype and investi-
gate its susceptibility to angle of attack and sideslip.

This work was supported by Control Systems Development
Branch of the Flight Control Division of the Air Force Flight
Dynamics Laboratory under "Development of Prototype Optical
Convolution Airspeed Indicator." The work was performed under
the guidance of G. DuBro and D. Kim AFFDL/FGL. This report
was submitted by the author in October 1976 and covers work in

the period from January 1976 to September

The program at Bolt Beranek and Newman Inc. was performed
by Dr. Michael Rudd with assistance from N. Westlake and

J. Spencer.
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SECTION I
INTRODUCTION

1.1 The Pitot-Static Probe

The Pitot-static probe is the most widely used device for
measuring aircraft speed. There are, however, four problems
involved with the use of this probe.

+ It does not give accurate measurements at low speeds.

« There is a 1/2-second time lag between the probe and
the transducer.

» It requires the use of expensive transducers.

» Its analog output must be converted to a digital form.

One port on the Pitot-static probe measures the total impact
pressure of the airflow on the probe and another senses the ambient
static pressure. The difference between these two pressures is re-
lated to the square of the airspeed. However, at low airspeeds
(less than about 50 kts) this pressure difference becomes very
small and is difficult to measure accurately. Accordingly, in
this study we have developed an airspeed sensor based upon a dif-
ferent measurement concept, and which has demonstrated a capability
to accurately measure airspeeds at 10 knots or less.

The long pressure line between the Pitot-static probe itself
and the pressure transducer which measures the pressure produces
a lag of about 1/2 second. An instrument which does not produce
this lag would allow the airspeed sensor to follow rapid accelera-

tions of the aircraft or missile on which it was mounted.

In addition, although the Pitot-static tube itself is relatively
inexpensive, the pressure transducers associated with it can be
costly. A less expensive airspeed sensor that could be used on
expendable "remotely piloted vehicles" would be a significant

improvement.




The Pitot-tube transducer, which has an analog output that

must be converted to a digital format, entails many attendant
problems. It would be more convenient and efficient to have a
sensor output that 1s compatible with the digital air data computer
on board an aircraft.

Accordingly, G. DuBro and D. Kim¥ of the Air Force Dynamics
Laboratory looked at all the available techniques for measuring
airspeed to see if these problems of the Pitot tube could be
overcome. They eventually invented a new technique which they
have called "The Optical Convolution Velocimeter" and for which
a patent (U.S. Patent No. 3,953,126) has been granted.

1.2 The Optical Convolution Velocimeter (OCV)

The optical convolution velocimeter developed by DuBro and
Kim+ is a noninvasive method for measuring aircraft speed that
eliminates many of the problems encountered with the Pitot-static
tubes currently used on board aircraft.

An OCV uses a light-emitting diode (LED) as its light source.
The output of the LED is collimated by the lens, and projected
through the turbulence onto a grating (see Figure 1). The turbu-
lence is generated by the wake of an cbject placed in the flow. A
mirror behind the grating returns the light through a lens onto
a photodiode. As the light passes through the turbulence, it is
refracted, and a "shadowgraph" pattern cof bright and dark bands
is formed on the grating. As the turbulence is convectec with

¥ D. Kim and G. DuBro, 1974, "The Optical Convolution Velocimeter"
presented at the second Project Squid Workshop, Purdue University,
Lafayette, Indiana, March 26-27.

+

Ibid.
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the mean flow, the shadowgraph pattern is convected over the
grating. We can describe the light transmitted by the grating as

Jfl(x-y) G(x) dx = F(y)

where I(x-y) is the shadowgraph pattern that is convected in time

by distance y, and G(x) is the grating transfer function. The
function F(y) is the convolution of the shadowgraph and the grating.
By Parseval's theorem, the spectrum of this convolution is equivalent
to the product of the spectra of I(x) and G(x). If the spectrum

of G(x) is narrow, the spectrum of the convolution function F(y)

is narrow, and it will be sinusoidal with a frequency equal to

that at which the turbulence crosses the grating. Hence, the
velocity can be found by measuring this fregquency.

1.3 The Program to Date

In early 1975, the U.S. Air Force awarded Bolt Beranek and
Newman the first contract to investigate the feasibility of the
OCV as an instrument for measuring low airspeed.¥* Under that
contract, BBN examined the sensitivity of the concept and decided
that heat would have to be injected into the flow to increase the
instrument sensitivity; the natural density variations due to water
vapor and turbulence did not provide a sufficient signal-to-noise
ratio with the processor unit. The modulation depth of the light
source M was computed to be, in air,

3 i

M=oNz Todadins s —————r
TV(xd)*

o]

where N = wavenumber of the light, 2, * thickness of the turbulence,

¥ This program was the subject of Technical Report AFFDL-TR-75-125
"The Optical Convolution Airspeed Indicator," M. Rudd, November
1975.
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Vv
volume downstream. The factor o describes how well the grating

power per unit length of the heater, T = air temperature,

[}

airspeed, d = diameter of heater and x = distance of sensitive

and turbulence are matched. Typically, a modulation depth of 5
parts per million is produced at a speed of 200 mph.

Various light sources and detectors were considered for the
OCV. The most suitable were found to be an infrared-emitting
diode light source and a silicon photodiode detector. Optics
with a speed of f/4 were used to collimate the diode output and
a grating of pitch 2 mm was used. A prototype instrument was
built and tested on a Cessna 172 aircraft; the unit was flown for
10 hours over a speed range of 50 to 120 mph. Problems were en-
countered because of the poor signal-to-noise ratio of the instru-
ment. The data was obtained utilizing tape record of the OCV
signal, and subsequent analysis of the frequency content with a

spectrum analyzer, ylelded the measured airspeed.

1.4 The Current Program

The purpose of this report is to relate the development of
the OCV during the second stage of the program. The four main
tasks which were undertaken during this stage are described below.

Task 1: Definition of Wake Turbulence Spectrum

Ml o el ol

In the first stage of the program, it was thought that one
reason for the relatively weak signal strength was the poor matching
of the optical system to the turbulence shed from the heater.

Accordingly, measurements were made on the spatial spectrum of the
p turbulence and its convection velocity to determine the optimum
combination of heater dilameter and grating pitch.
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Task 2: Improvement in Original OCV Design

Some improvements were made to the original OCV design, e.g.,
the speed of the optics was increased. In addition, a new type of
signal processor, called a "correlation discriminator," was developed
to measure the frequency of a signal buried in noise. Further, a
means of limiting the heat in the absence of cooling airflow was
devised.

Task 3: Operational Suitability and Design Specification

The wide range of environmental conditions in which the OCV
is likely to operate was considered, and solutions for the potential
problems were suggested. A new design of the OCV was made and the
new unit fabricated.

Task 4: Testing and Evaluation of the 0CV II
This second OCV was tested in the BBN wind tunnel to evaluate

its performance for speed, angle of attack, and sideslip.

The performance of these tasks and their results are described
in detail in this report.
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SECTION I1I
THE STRUCTURE OF A TURBULENT WAKE

2.1 Introduction

The structure of turbulent wakes has been the subject of many |
investigations. Although the first measurements of a heated wake '
were made by Fage and Falkener,* the most extensive studies were
performed by Townsend.+ Roshko§ studied the spectra of the tur-
bulence, but was primarily interested in the discrete frequencies
in the wake. 1In a later paper-,(S Roshko looked at the turbulence
above transition (Reynolds numbers greater than 3 x 10°%), as did
Humphreys. ¥¥ Tritton~ examined the flow at Reynolds numbers below
¥ A. Fage and V.M. Falkener, 1935, "Notes on Experiments on the

Temperature and Velocity in the Wake of a Heated Cylindrical

Obstacle," Proceedings of the Royal Society, Vol. 135A, pp. !
702-705.

A.A. Townsend, 1947, "Measurements in the Turbulent Wake of a
Cylinder," Proceedings of the Royal Society, Vol. 190A, pp. 551-561.

A.A. Townsend, 1949, "Momentum and Energy Diffusion in the Tur-
bulent Wake of a Cylinder," Proceedings of the Royal Society,
Vol. 197A, pp. 124-140.

A.A. Townsend, 1948, "Local Isotropy in the Turbulent Wake of =&
Cylinder," Australian Journal of Seientific Research, Vol. 1A,
pp. 161-174.

A.A. Townsend, 1949, "The Fully Developed Turbulent Wake of a
Circular Cylinder," Australian Journal of Seientific Research,
Vol. 2A, pp. U451-468.

Anatol Roshko, 1954, On the Development of Turbulent Wakes from %
Vortex Streets," NACA Report 1191.

§ Anatol Roshko, 1960, "Experiments on the Flow Past a Cylinder
at Very High Reynolds Number," Journal of Fluid Mechanics,
Vol. X0, pp. 3U45-356.

¥%¥John S. Humphreys, 1960, "On a Circular Cylinder in a Steady i
Wind at Transition Reynolds Number," Journal of Fluid Mechanics,
Vol. 9, pp. 603-612.

D.J. Tritton, 1959, "Experiments on the Flow Past a Circular
r'yl:lnder' at Low Reynolds Numbers," Journal of Fluid Mechanics,
Vol. 6, pp. 547=567,
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200. A very comprehensive study, in which the turbulence spectra

were studied over a wide range of Reynolds numbers and downstream
distances, was more recently done by Uberoi and Freymuth.¥

Because the results of Townsend, Roshko, and Uberoi and
Freymuth are not always consistent, we have relied on the data of
Uberoi and Freymuth as it i1s the most comprehensive and the most

recent.

2.2 Self Preserving Flow

When one is far enough downstream from the cylinder, the
turbulent flow is independent of the initial flow conditions and
can be scaled in a generalized manner. Townsend+ showed that in
the two-dimensional wake behind a long cylinder, the velocity
defect u, in the center of the wake scaled to the free stream
velocity U as

U2 1/2
LS g + .043 (%)
Ty
X X
2 F for large g

where x 1s the downstream distance and d is the cylinder diameter.
This appears to hold for x/d > 50. Similarly, the turbulence

velocity u, the turbulence scale L, and the temperature fluctuations

6 scale as

* Mahinder S. Uberoi and Peter Freymuth, 1969, "Spectra of Wakes

Behind Circular Cylinders," The Physiecs of Fluids, Vol. 12,
pp. 1359-1363.

s

A.A. Townsend, 1976, The Structure of Turbulent-Shear Flow
(2nd edition) Cambridge University Press, Cambridge, England.
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where Ta is the ambient temperature. Thus, as one goes downstream
from the cylinder, the turbulence level decreases and its scale
increases. On the centerline of the wake, the value of

il
i
o
N

2
0

c

according to Uberoi and Freymuth.¥*¥ In addition, the turbulence

y
spatial spectrum Eu(k) of u? 1s a function of L = (xd)* and is
given by

E (k) :
Y = P[k(xd)?]

1
Veixa)”

T

This spectrum is flat up to a value of kL = 6 and after that
decreases quite rapidly. Further, the level of the spectrum is
fairly well independent of Reynolds number for kL < 6 but varies
: quite considerably with Reynolds number for kL > 6. At low
i Reynolds numbers there is very little high frequency energy

* Uberoi and Freymuth, op.cit.
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because of the destruction of the small eddies by viscosity. The

spectra measured by Uberoi and Freymuth¥* are shown in Fipgure 2.

Therefore, substituting for U2

E (k) = .1 U2 d(a/x)* rlk(xd)*]

In trying to maximize this quantity, so as to maximize instru-
ment sensitivity, the quantity U? (the free stream velocity) is
fixed, k is given the value of 78.5"! in. (12.5 line pairs per
inch), and x is determined by the geometry of the instrument at

.875 inches. Thus, only d can be varied. The value of E (k) is
then proportional to d/2 and a spectral density term f[k(xd)2]

The velocity distribution across the wake is given approxi-
mately by+
= 2
s 16y%/xd

u = u,

where y 1s the lateral position in the wake. The drag per unit
length of the cylinder F is equal to the momemtum defect across

-16y?/xd
F = Jf pU u, e
s @ dy
%3

pU u vxd

the wake

=

3 _/7"? pU2d, or a drag coefficient of 0.89.

-

¥ Uberoi and Freymuth, op.cit.
+

A.A. Townsend, op.cit.
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Similarly, the temperature distribution across the wake is given by

e-10y2/xd

Bty » (To > Ta)
Note that the temperature distribution is wider than the velocity

distribution. The heat flux per unit length P is equal to the
integral of the temperature distribution.

o

-10y?/xd
f ¢ BT -T) e i

P =
p
= J/n/10 Cp U('lo - Ta) vxd
Hence,
S e R
F /10 P Uo
e % -
= 8?2 , by analogy.
al

The spectrum of the temperature fluctuations is then given by

f 2 o

u2

Eu(k) = ,1 U? g d (d/x)% f[k(xd)%]

Eq(k) =

3 1
and, for a given heat input, is proportional to d/2 and fl[k(xd)™=].
Since f[k(xd)%] falls rapidly for large k(xd)%, large values of
this latter parameter need not be considered.
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Table 1 compares the turbulence spectral levels for five

t 1. and

different wire sizes for a spatial wavenumber of 78.5°
a distance of .875 in. behind the wire. For the three smallest
wires there is little change in spectral level with Reynolds
number; however, for the larger wires there is a significant

decrease at lower Reynolds numbers and accordingly, the spectral

levels have been computed for both ends of the speed range.
Generally, the spectral levels increase with wire diameter, even
fhough the nondimensional spectrum Eu/u2 vxd decreases with wire
diameter, because the spectrum of larger wires is spread over
fewer wavenumbers and because the turbulence level is higher,
being relatively closer to the wire. On the other hand, the
velocity defect increases as the wire diameter increases (see

Figure 3).

2.3 Turbulence Spectra

As part of this program, measurements were made of the tur-
bulence spectra in the wake behind a cylinder. Rods of 1/4-in.
and 1/8-in. diameter were set up in the BBN low speed wind tunnel
which was run at speeds between 6 and 45 mph. The turbulence

was measured with a DISA hot wire anemometer.

The data presented in Figures U4 through 6 cover distances
from 2 to 64 diameters downstream and Reynolds numbers from 550 to
9,500. The horizontal axis is the Strouhal number and the vertical
axis is the spectral density divided by GTd, where 57 is the mean
square turbulent velocity and d is the diameter of the cylinder.

At a downstream distance of x = 2, there is a 10-~dB spread in the
data, but it collapses much better farther downstream for Strouhal
numbers less than 0.2. Discrete vortex shedding is not visible
more than about 16 diameters downstream. The spectra are typically

13
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flat, out to a Strouhal number of 0.1 to 0.2, and then fall off
as approximately the inverse fourth (-11/3 theoretically) power

of the Strouhal number. The broadband spectrum at x = 4 is about
one octave higher in frequency than that at x = 32 or 64,

The dotted lines in Figures 5 and 6 are the spectra computed
from the paper by Uberoi and Freymuth¥ and are shown for comparison

purposes.

2.4 Convection Velocity

The eddies in the turbulent wake are convected at a speed
which is a little less than the free stream velocity. This con-
vection velocity was measured by mounting two hot wire anemometers
in the wake behind a 1/4-in. cylinder and then cross-correlating
their outputs. The delay in the peak of the cross-correlation
function gives the convection time of the eddies from one hot
wire to the other. The convection velocity can be obtained by

measuring the spacing of the wires.

The convection velocity as a function of distance downstream
from the rod is shown in Figure 7. Close to the rod, the convection
velocity is significantly below the free stream velocity, but
farther downstream it is very close to free stream velocity.

Beyond about 35 diameters, the convection velocity is within 3%
of the free stream velocity.

¥ Uberoi and Freymuth, op.cit.
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SECTION III
IMPROVEMENT IN THE OCV DESIGN

Although the first prototype OCV which had been fabricated
during the first contract, performed well, its signal-to-noise
ratio was insufficient to measure the frequency by a counter;
it could only be measured by a spectrum analyzer. In addition,
at low airspeeds the heater became very hot and even glowed.
Accordingly, a program was undertaken to improve the OCV design
and remedy these factors, with the following objectives.

* Improve the signal-to-noise ratio of the instrument.
* Design a signal processing system.
» Provide heater protection.

The significant progress made in these areas is described
in this section.

3.1 Improvement in Signal-to-Noise Ratio

A number of alterations to the optical system were considered
in our efforts to increase the signal from the instrument. The
changes considered included increasing the LED output and photodiode
sensitivity, increasing the number of LED's, considering alternative
light sources, and improving the optical efficiency.

3.1.1 Increased LED output and photodiode sensitivity

There are currently three LED's of similar performance which
are suitable for this application; the Texas Instruments TIL 31
or 34, the RCA SG1009A, and the GE SSL 55C. They generally have
a minimum output of 5 mwatt at 100 ma drive current (with less
from the TIL 34). The GE device can be overdriven to 300 ma for
an output of 14 mwatt, providing that a heat sink is attached to

2L
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the case. However, all devices must be derated if they are to be
used at 125°C. The SG 1009A and TIL 34 can be driven at 50 ma and
the SSL 55C at 0 ma at 12500, and the TIL 31 cannot be used above
80°c. Therefore, the output of the LED can only be increased at

the expense of its top operating temperature.

The original photodiode had a sensitivity of .35 amp/watt.
However, a number of manufacturers have increased this to .6 amp/
watt by applying an antireflection coating to the silicon photo-
detector. A further improvement in sensitivity of the instrument
can be achieved by employing a high impedance amplifier. In fact,
a suitable photodiode-preamplifier combination is available from
Bell and Howell and is being used for this instrument.

3.1.2 Increased number of LEDs

Since the power output from an LED is limited, the only way
to obtain more light output is to use multiple LEDs. An arrange-
ment similar to the dual detector OCV, only using two LEDs and
one photodetector, is one possibility. However, because the

velocity signal would have opposite phase from the two LEDs, when

added by the photodiode they would cancel each other. In addition,

the system would have similar difficulties of alignment as the

dual detector OCV.

Another arrangement would be to have two light emitting
diodes and two photo-diodes lie at the corners of a square.
Each photo~diode would then receive the light from one of the
LED's. The outputs of the two phcto-diodes would be summed and
we would have a 3 dB improvement in the signal-to-noise ratio
over a single LED/photo-diode pair. There would not be any in-
crease in power consumption if the LED's were connected in series.
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A completely different type of optical system would consist
of a line of LED's and photodetectors along either side of the
flow channel. This system is illustrated in Figure 8. Strings
of LED's and photo-transistors are available on 0.1 inch centers
for paper tape readers (for example TIL 133). All the LED's would
be connected in series and driven at the same current. The output
of all the photo-transistors would also be added. The frequency

output, f, for a velocity v is now given by

f = v/d

where d is the LED and photo-transistor spacing (0.1 inch). If
there are n detectors the signal strength will be increased by

a factor of n over that of one detector.

The cptical efficiency of this system is much lower than the
ones proposed above. Since the LED's are smaller, their beamwidth
is much larger and less light 1s collected by the phototransistor.
Further, since the collecting lens for the photo-transistor is
very small, much less light is collected than with the single
large collimating lens. It is estimated that the signal strength
will be only one tenth that of the single LED/photo-diode system

with a collimating lens.

This system may have value, however, when an extremely com-
pact system is required and signal strength is not a problem.

3.1.3 Alternative light sources

Alternative light sources such as tungsten lamps, quartz
halogen lamps, and low and high pressure mercury arc lamps are
discussed in the appendix. Small tungsten lamps have a signal
strength close to LEDs but have a larger source size, a shorter

life, and are bulkier.
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3.1.4 Improved optical efficiency

A significant improvement in optical efficiency was made in

the OCV design by (1) shortening the focal length of the collimating
lens to collect more light from the LED, and (2) reducing the stray
light to reduce the shot noise on the LED.

Figure 9 shows the directivity of the three LED's considered.
They range from SO to 10° half-angles. Also shown is the percen-
tage of output light collected by various cone angles for the
SG 1009A LED. In the previous design, the collimating lens had
a focal length of 132 mm for a cone half-angle of 6.9°. The new
lens has a focal length of 82 mm for a cone half-angle of Ll
This increases the percentage of light collected from 19% to 33%.

Only the central parts of the lens and mirror are covered
by the turbulent wake. The light which passes through the edge
regions is still returned to the photodiode and there it contri-
butes to the shot noise which is the main source of noise in the
detector. Accordingly, the original circular reflective grating
(32 mm diameter) was changed to a rectangular grating (12 x 32 mm),
which produced an approximate 3-dB reduction in shot noise in the

detector.

Together, these two optical modifications, of a faster lens
and masking out the unused portions, give a 5.4 dB improvement

in signal-to-noise ratio for the OCV, with no resultant penalty.

3.2 Signal Processing: The correlation Discriminator
3.2.1 Introduction

Even with the improvements described in the previous sections,
the signal-to-noise ratio of the OCV was still poor, ranging from
+10 dB to ~10 dB. In addition, the signal frequency can range over
at least a 30:1 range. On the original instrument, a spectrum
analyzer was used to measure the peak of the signal spectrum in the
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presence of noise. However, this was slow, expensive, and not
automatic. Therefore, an alternative method of signal processing

was needed.

A counter was first considered as a way to measure the signal

frequency. The count N for a signal frequency f, in the presence

of noise of bandwidth bf (b 2 1), and a signal-to-noise ratio, P,

is given by*¥

1
N _ (___~_o+b2/3) ?
£ p+1

or for small errors in the count N

2
AN = b°/3-1
2(p+l)

Thus, for a frequency range of 30:1 and for a 1% accuracy a signal/
noise of 15 dB is required at the top frequency and a 42 dB signal/
noise at the lowest frequency. The OCV does not have this high
signal-to-noise ratio and, therefore, such accuracy is not achiev-
able with a counter.

A phase-locked loop, which is often proposed as optimal tech-
nique for frequency measurement, is not suitable for the present
application. This is because in order to capture a signal over
a 30:1 frequency range, its bandwidth must be made so large that
it cannot lock on to the weak signal that the OCV produces.

Accordingly, a new signal processor has been developed and
is referred to as the "Correlation Discriminator." 1Its purpose
is the detection of a sinusoidal signal in the presence of white
noise with a signal-to-noise ratio > 0 dB. The technique is based
on automatically measuring the first zero crossing of the auto-
correlation function of the combined signal and noise. This method

Theory, John Wiley and Sons, New York.

27




makes use of the fact that the autocorrelation function of white

noise is a spike centered at zero time delay and that, therefore,
it does not distort the correlation function of the signal at other
time delays (see Figure 10). We compute the auto-correlation func-

tion of the signal at a time delay long enough for the noise to be
uncorrelated, but short enough for the signal to be correlated.

3.2.2 Principle of the correlation discriminator

The correlation discriminator computes the autocorrelation
function of the clipped input signal at a single time T by de-
laying the signal in time (by means of a shift register) and
then multiplying it by the undelayed signal. The output of the
multiplier is averaged and used to drive a voltage controlled
oscillator (VCO). This VCO is used in turn to clock the shift
register and hence, forms a feedback loop. If the VCO is too
high, the autocorrelation function will be computed at t,. The
value will be positive and thus the integrator output is arranged
to decrease the VCO frequency. If the VCO frequency is too low,
the autocorrelation function will be computed at T, and will be
negative. This time the integrator will increase the VCO fre-
quency until a value of T, 1s then 1/4 of the period of the
incoming sine wave.

Figure 11 shows a schematic of the circuit required to per-
form the above function. The input signal passes through a pre-
amplifier whose primary purpose is to "whiten" the spectrum of the
noise. If the noise has a significant low frequency content, or
is "pink", it will lengthen the autocorrelation function of the
noise and distort the sinusoidal correlation function. Accord-
ingly, the preamplifier attenuates the low frequency noise until

its spectral components are equal to the high frequency noise.




FIGURE 10.

CORRELATION FUNCTION OF A SINE WAVE PLUS NOISE
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Too much attenuation, however, can cause the autocorrelation

function of the noise to go negative, and can produce as severe
an error as could be experienced with too little attenuation. A

flat noise spectrum is optimal.

The next circuit element 1is a limiter which clips the signal
and is, in effect, a one-bit digitizer. This greatly improves the
ease of multiplication and the levels of confidence of the auto-
correlation function. It does this at the expense of degrading

the signal-to-noise ratio by a factor or w/4 or 1 dB.

The clipped signal next passes into a variable delay 1line
which comprises a 4-bit, serial-in, parallel-out, shift register
controlled by a variable clock. The first and third outputs
from the shift register are multiplied together by an Exclusive-
Or (EXOR) gate which performs as a one-bit multiplier. The output
of the gate is then integrated by an analog integrator with a
preset time constant of about 1/10 second. The integrator has
a voltage gain of about 100 in order to minimize the error in
sensing the zero crossing of the autocorrelation function. The
output of the integrator is used to control a VCO which in turn

is the clock for the shift register,

The last three components (the multiplier or EXOR gate, the
integrator, and the VCO) are the basic components of a phase-
locked loop and are available as one integrated circuit. However,
2 phase-locked loop does not employ a shift register, and multi-

plies the signal and VCO together directly.

wo outputs are dvallable from this elreult: a digital out=

put from the VCO which runs at 8 times the input frequency, or

an analog output from the integrator.




When the circuit is first switched on, there will be no
sinusoidal signal present, only noise. In this case, the circuit
will lock on to the zero crossing of the nolse autocorrelation
function which will cause the VCO to be driven to its highest
frequency; hence, this loss of signal can be diagnosed. An
alternative condition is loss of both signal and noise from the
input. Then the outputs of the shift register will always have
the same level, independent of frequency, and the VCO will be
driven to its lowest frequency which will also diagnose this

condition.

3.2.3 Theory of the signal analysis technique

Let us consider a sinusoidal signal in the presence of noise

with a power spectrum of the form

N
1 + ((u/u)n)2

+ S S(w-ws) .

where W, and w_ are the bandwidth of the noise and the frequency
of the signal, respectively. The autocorrelation of the signal

is then
- £
N exp( wnr) S cos(wST)
We shall now seek the first zero crossing of cos(wsTy However,

in practice, we will measure the zero crossing of the above cor-

relation function. The error is then |

0=

2
= e exp(—wwn/2ws)
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Thus, for

AT _

5 5t

W

B g Zn(N—) + 2.644
Wy m S

Therefore, for signal-to-noise ratio of 0 dB, the noise bandwidth

a
must be at least 2.6U44 times the signal frequency.

It should be noted that this theory is dependent on the noise
being "white." If the noise has a large low frequency component,
or is "pink", the tail of the correlation function will be increased
and the accuracy of the system will be degraded. Therefore, the
noise should be prewhitened by attenuating low frequency components
before they enter the analyzer.

The sampling rate of the incoming signal is equal to the
frequency of the VCO. This frequency f is Uin ws/2w, where n is
the number of delays employed in the shift register. According
to the Shannon sampling theorem, this sampling rate must be
greater than twice the highest frequency to be sampled, which is
the noise bandwidth of 2.644 times the highest signal frequency

ws/2 . Therefcre,
f = 4n > 5.288 wS/QW

The smallest integral value of n which satisfies this is n = 2,
thus, at least two delays must be used in the shift register;

more delays will produce a somewhat higher accuracy at the expense
of a higher oscillator frequency. With n = 2, the oscillator

frequency is 8 times the highest signal frequency.
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Testing the Correlation Discriminator

A number of tests have been performed on the correlation

Sy

discriminator and their results are summarized in Figures 12,

1
S I

In Figure 12, the absolute error of the correlation discrimi-
nator is plotted over a frequency range of 1.2 to 100 kHz. The
signal-to-noise ratio was +10 dB. The maximum error is +0.3%
with & mean error of +0.2%, which is a very impressive accuracy.
For comparison, the theoretical error of a zero-crossing counter
is compared with the correlation discriminator for the same
signal-to-noise ratio. Except at a frequency of 1/V3 of the
noise bandwidth (the count due to noise alone, thus no error)

the counter has a very poor accuracy. (See Figure 13.)

Figure 14 compares the fluctuations of the correlation
discriminator and those theoretically expected for a counter.
The count 1is for 12,500 cycles of the signal frequency. The
correlation discriminator is substantially steadier than the
counter primarily because of the extra integration in the cir-
cuit. At 0-dB signal-to-noise, there is only 0.3% fluctuation
and at +20 dB signal-to-noise only a 0.001% fluctuation.

The circuit handles input signals from 1 mV to 5 V, and
frequencies from 1.2 kHz to 100 kHz, without any adjustement.

Sl e

In fact, the only adjustment is the comparator offset and this

is not necessary for signals of more than 10 mV.

3.3 Heater Protection Circuit

The heater on the original instrument consisted of a length

of Nichrome wire through which a steady current was passed. The

g 5
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FIGURE 13. ACCURACY OF THE CORRELATION DISCRIMINATOR COMPARED
WITH A COUNTER.
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power dissipation from the wire was independent of the airflow

over it. As a consequence, the wire became very hot and even
slowed at low or zero airspeed. This high temperature tended

I

to reduce the 1life of the heater and presented a fire risk.

Accordingly, an electronic circuit was developed which limits the

maximum temperature to which the heater can rise in the absence

of cooling airfiow,

Nichrome wire, an alloy of nickel and chromium, has a very
small temperature coefficient of only 100 ppm/°C for its elec-
trical resistance. Thus, a 1,000°C temperature rise will give
only a 10% increase in electrical resistance. On the other
hand, all pure metals have an electrical resistance which is
directly proportional to their absolute temperature. A change
in temperature from 0°C to 1,000°C gives a 4.7 fold increase in
electrical resistance. Platinum wires can withstand this tempera-
ture without any degradation. Consequently, if the heater is
driven from a constant voltage source, as the temperature of the
heater rises, the current will fall because of the increase in
electrical resistance. Hence, the power dissipation is reduced

as the wire becomes hotter, when there is no flow.

This amount of protection, however, can be inadequate since
high wire temperatures can still be reached; therefore, a heater
control circuit was devised to 1limit the heater temperature to
a predetermined value. A platinum wire is still used for the
heater, but its electrical resistance is sensed in a bridge
circuit (Figure 15) by an FET operational amplifier (CA 3031)
and is used to drive a power transistor (2N 3024) which controls
the current through the heater. If the heater gets too hot,
the current through it is reduced. An FET amplifier is used

because it operates when its inputs are close to the ground
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(which occurs at low airflow when very little current is flowing
through the heater). The heater temperature is predetermined by
the resistance ratio in the bridge. An overheat ratio of 2.5
was chosen to increase the heater resistance 2.5 times; this is
equivalent to a temperature of 800°F. At this temperature,
platinum's resistivity is 25% that of Nichrome's and, therefore,
a heater wire 4 times longer, or one having half the diameter

of Nichrome wire, is required. A 6-in. length of 2 mil diameter

platinum wire, with a cold resistance of 6 ohms, was chosen.

This heater control circuit was incorporated with the power
regulator for the photodiode and LED supply. The heater output
is now substantially reduced at low airspeeds and there is no

risk of the heater's burning out.

3.3.1 Heat transfer to the flow

The electrical input to the heater is dissipated in the hot
wake which is used to "mark" the airflow. In Sec. 2, it was

shown that the mean square temperature fluctuation % is related

to the mean square velocity fluctuation u? by

where P is the heat input to the wire per unit length, and F is
the drag per unit length. Now for a fully turbulent wake at a

distance x behind a cylinder of diameter d

‘ 40
"
4
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where U is the freestream velocity. Thus, for a fully developed

turbulent wake

(g e (&
= ) g
1/2p CD UCP X
Over most of the range of interest C, = 1, p = 1.2 kg/m?®, and

Cp = 1.0 Joule/m’/°k. Thus,
o ok
i P 4
(82) 0.5 5 (P
Typically, with x/d = 30, P = 100 watt/m, and U = 100 m/sec
(82)% & 0.1°C
Goldstein¥* discusses the results of heat transfer by forced

convection from a clreular cylinder. His disecussion is in terms

of the Nusselt number which 1s defined by

P

Nu = —FTg >

where K is the thermal conductivity of the fluid. Now,

P aou) (¥Cp
paucaT)\ )\ E

= St Re B

Nu

¥S, Goldstein (ed.), 1965, Modern Developments in Fluid Dynamics,
Dover Publications Inc., New York.
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where Re is the Reynolds number, Pr is the Prandtl number, and
u 1s the dynamic viscosity. The Nusselt number varies with

Reynolds number according to

where C is a constant and the index n varies with Reynolds number,

& =g R

(93]

This relation has been found to hold well for gases where the
Prandtl number is close to unity. (Tt s O.7Y for alr at room

tempers results of an investigation by Hilpert¥* are

‘et
o [1UW

This inves tion

formed for a

cylinder at 100°C over a Reynolds number range from unity to

) g
e

LTI &
24 X 10° .

Qver the

eynolds number range of 250 to 10,000 which cor-
e

€
responds to the operating range of the OCV heat
1
Nu = 0.5 Re~"

—--]'v
or St = 0.675 Re *= for a

o
=3

Another form of this behavior is the well known King's Law for

i
the hot wire anemometer where the power dissipation from the
oport

el

wire is pr

tional to the square root of the air velocity.

vert, 1933, Forsh. Ingwes 4, and 1932 Ver. Deutsch Ing.
rshungsheft., quoted in S. Goldstein, ibid.
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The signal of the OCV is directly proportional to the rms
temperature fluctuation in the heater wake. Thus, if we keep
the power dissipation constant, as we do at high speeds, the

signal strength 1s given by
Signal « BPAU .

However, at low speeds, the temperature of the heater is held

eonstant by its protection eireult. Then,

Signal « AT/U?

where AT is the temperature rise of the heater. This changeover
occurs at a Reynolds number of 30 for 100 watts/m or U400 for
1,000 watts/m.

3.4 Speed of Response of the 0OCV

The speed of response of the OCV is determined by the rate
at which the output of the integratcr can follow changes to its
input. The time constant of the integrator is determined by the
feedback capacitor and the input impedance. It has been found
that this time constant must be between 20 and 100 times the
pericd of the lowest frequency to be tracked; otherwise the
jitter will cause the circuit to loose lock. The exact value
depends s little on the amplitude of the input signal. The
value of the integrator constant was chosen to track a weak
signal down to 1 kHz. This gave a time constant of 100 msec.
However, if we are prepared to track only stronger signals down
to 2.5 kHz (10 kts) then we may reduce the time constant to

10 msec.

o
U

Thus, the speed of response of the 0CV determined by the

100 msec has been

]

lowest velocifty to be tracked, and a value o

chosen in the current design.
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SECTION IV

ENVIRONMENTAL CONSIDERATIONS

To be a practical instrument, the OCV must be operational
in a wide range of environmental conditions. It must be able to
withstand temperature extremes, high altitudes, rain, vibration,
and icing conditions. In addition, it must be corrosion re-
sistant. This section will discuss these environmental factors
and describe those which may present any particular problem.
Special consideration will be given to operation in rain, the
effects of fog and dust, and the practicality of deicing and
anti-icing.

4.1 Low Pressure (0 to 48,000 ft)

Low pressures do not cause any special problems with the
operation of the 0OCV. In fact, it has been shown in the previous
study* that the sensitivity increases as the pressure decreases.
The only potential problem is with the electronics. When the
sensor returns to ground level, moist air can enter the optics
chamber, which may produce condensation if the sensor is cooled.

Condensation may degrade the optical properties of the system or

produce electrical short circuits. This problem may be overcome
using "O" ring seals to make the sensor head pressure-proof.

The lens may be bonded into its mount with epoxy, and a pressure-
proof connector must be used. The sensor body should be fille

with dry nitrogen and some silica gel to keep it dry.

At high altitudes, where the density of the air is lower,
the cooling capacity of air decreases. 1In addition, the electric
breakdown field gradient is reduced and corona discharge is more
likely. However, neither of these factors affect the OCV.

¥M. Rudd (1975). "The Optical Convolution Airspeed Indicator,"

Technical Report AFFDL-TR-75-125, Air Force Wright Aeronautical
Laboratories, Wright-Patterson Air Force Base.
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4.2 Vibration

The OCV is somewhat sensitive to vibration. Vibration of
the mirror/grating can cause the return image of the LED to move
about on the photodiode, which will generate an output signal.
However, if the mirror is mounted sturdily, this signal will be
small. In addition, vibrations tend to occur at lower frequencies
than those employed by the OCV. Typical vibration levels are
5g over a frequency range of 52 to 2000 Hz. The MIL-STD-810C

curves are shown in Figures 17 and 18.

Electrical problems may arise from vibrating wires or other
electrical components, but these can be controlled by conventional

fabrication techniques.

4.3 Acoustical Noise

Acoustical noise can give rise to the same sort of problems
as vibration. Generally, the displacements are smaller and the
frequencies are higher. Again, a substantial mirror mount will
solve these problems. Overall test levels should be (according
to MIL-STD-810C) 160 dB for the sensor head and 140 4B for the

power supply and processor. The spectrum is shown in Figure 19.

4.4 Rain

Rain can affect the OCV in two ways; (1) the raindrops
passing through the measurement volume generate a signal and,
(2) water on the lens and mirror degrades the performance of the
optical system. Water cannot enter the body of the sensor
since it is sealed with "O" rings to make it waterproof and

pressure proof.

When a raindrop passes through the measuring region, it

will actually enhance the signal and, as long as the raindrop

I A
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travels with the free stream airflow, will give a true reading

of airflow. Errors may be introduced 1if the airflow is accelerat-
ing locally, for then a raindrop will lag behind the airfilow. In

these cases, the OCV will read closer to the free stream airspeed

than to the locally disturbed airflow.

A more severe problem can occur if water droplets build up
on the lens or mirror of the OCV. This situation will cause some
degradation of signal, but worse, if the droplets are flowing,
they can introduce a spurious low-frequency signal. However,
since the lens and mirror are flush-mounted in their supports,
droplets will only impact them under conditions of sideslip (or
angle of attack, depending upon which way the instrument is
mounted). The droplets on the surfaces move at substantially

slower velocities than those in the free stream. It has been

)]

hown earlier that the signal processor tends to filter out low
frequencies and lock onto the high frequencies caused by the
raindrops in the flow. Therefore, we expect that the system
will not "see" the raindrops on the optical surface. Whether

or not this is the case will have to be determined experimentally.

A continuous film of water over the collimating lens or mirror
can affect the optical properties of the system if the film is not
uniform. The water may introduce astigmatism or defocussing of
the radiation. However, it is likely, in practice, that the air-

stream will prevent a significant layer of water building up.

4.5 ‘Salt Fog

Salt fog presents a problem because of its corrosive quality.
This can be overcome as far as the body of the sensor is concerned
by maki