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I. CONCLUSIONS

This report details the results of ground and flight tests to
evaluate the effects of precipitation, static and lightning on the airborne
reception of Loran~C signals. These tests have indicated methods by which
the noise produced by p-static can be reduced on the aircraft and thus allow
for increased signal-to-noise ratios in the installed Loran-C equipment.
The demonstrated p-static noise reduction using a ground-based precipita-
tion static survey is in the range of 20 to 50db in the 100Khz Loran-C
frequency spectrum. This noise reduction is achieved by installation of
properly placed modern, static-wick dischargers on the airframe. It is
recommended that the placement and quantity of dischargers be determined by
the airframe manufacturer using ground, p-static tests on a specific
airframe.

During an 8-month period, a total of 26.1 hours of DC-3 time was
consumed to determine the noise reduction achievable by using quality
static-wick dischargers. Six hours of this time was conducted under actual
thunderstorm conditions. The aircraft is equipped with 12 instrumented
static-wick dischargers, two Loran—-C receivers and data collection equip-
ment to measure the dischargers current, noise produced, airframe voltage
and Loran-C position outputs, All of the raw data are available and docu-
mented in Volume II of the report.

Artificial p-static airframe charging using a biased-discharger with
up to 70Kv potential is a method which yields useful in-flight data on

effectiveness of static-wick dischargers for low charging currents.

The effects of lightning on the reception of Loran C in aircraft
have been found to be of minimal significance. Based on the flight tests
performed, the inclusion of effective static-wick dischargers has provided
good results, The commercial Loran-C receivers selected for this work have
yielded very accurate positional information when used in the vicinity of
lightning activity. On all of the plots obtained from these flights, the
cross—track errors were less than 0.5 nm and typically 0.1 nm. Along track
errors also appeared typically in this range. All of the results were
obtained using the 9960 GRI Northeast Loran—C chain, Seneca, N.Y.—-Carolina
Beach, N.C. (M-Y) and Seneca, N.Y.-Dana, In.(M-Z) station pairs which pro-
vide good station geometry in the Southeastern Ohio area. 1t was only on
two occasions the Loran C could not provide navigation signals due to
lightning or p-static interference, but as will be pointed out in the
report, there are other factors involved in these two instances.

The ground-based lightning simulation testing performed at WPAFB
also indicated that, the Loran-C receivers produced on the average, well
under 0.1 nautical-mile error in the receiver position information. This
corresponds well with the information recorded during flights in thun-

derstorm areas, even though the ground simulation was not a highly accurate
model of actual thunderstorm electrical activity.

The results of placing a static electriec field around the Loran-C
receiver antenna has indicated very minimal errors in the computed Loran-C




position. The static electric field tests also performed at WPAFB indi-
cated that errors of less than 0.05 nm are produced by DC static fields up
to 100 KV/Meter.

In general, the results presented in this report should encourage
the further investigation of the use of Loran-C as a viable navigation

system for aircraft in the enroute and terminal areas.


















































































Figure 3-18. NOISES 289-MAY-1981
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Figure 3-19.  NOISEl1l 29-NAY-1861
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Figure 3-20. NOISET 28-MAY-1881
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Figure 3-21.  NBISES 29-MAY-13981
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Figure 3-22. NDISE1l 29-MRY-81
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Figure 3-23. NBISE7 29-MAY-1981
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respectively, the Dayton-—Granger discharger allows the airframe to charge
to a higher voltage before significant discharging occurs. Actually, the
corona points begin discharging at a lower airframe potential than the
Dayton—-Granger dischargers. The Dayton—Granger discharger does appear to
be quieter in positive-point corona than the corona points for currents
less than about 200 microamps, but at that point the noise level approaches
that of the corona points. This indicates that the Dayton-Granger
dischargers do not discharge positive-point corona as easily as negative-
point corona., The TCO ESD-3 discharger also indicated this trend but not
to the same degree as noted by the data plots.

3. Summary of Ground P-Static Test Results. The ground p-
static testing has shown that a correlation does exist between the use of
good quality static-wick dischargers and their ability to reduce the corona
noise generated by p—static in the 100 Khz Loran-C frequency range. Based
on the data presented here, noise reductions of more than 30 db can be
effected at discharge current levels of more than 600 microamps. The
ability of the dischargers to reduce the positive-point corona noise is an
area where more information is needed relating to discharger design.

The test methods described in the bonding and ground p-static survey
tests are extracted from test methods developed by Robert Truax of TCO

Manufacturing Company, Ft. Meyers, Florida for which a patent is pending.

-35-




Iv. P-STATIC FLIGHT TESTING

A. Biased Discharger Installation.

Figure 4-1 is a photograph of the bilased-discharger installation on
the tail of the DC-3 aircraft used in the flight tests. The biased-
discharger used consists of 4 TCO ESD-3 static-wick dischargers mounted on
the end of an acrylic tube approximately 30 cm. long. A high voltage cable
extends from the mounting plate for the 4 ESD-3 dischargers through the
tall cone up to the operators console in the aircraft. This high voltage
cable was connected to a 0-80KV power supply that was used to bias the
dischargers on the tail.

The instrumentation was set up to sum the currents from each of the
control surfaces individually. This provided five currents to monitor from
the airframe. These five included both wings, both elevators and the
rudder. Other inputs for the instrumentation were the output current from
the high voltage power supply driving the biased discharger, the EMC-25
noise level output and the output of the field mill on the top of the
airframe. This provided eight inputs to be recorded on the data collection
equipment pertaining to the noise performance of the airframe. All of the
data pertaining to the airframe noise and charging measurements were
recorded on the floppy disk in the Heath H-89 computer using a BASIC
language program Iin the H-89 that digitizes through the Serial Lab Products
Serial I/0 unit, This equipment is described in detail in Volume II. The
position information out of the TI-9900 Loran-C receiver was recorded
directly on the Byte Bucket cassette tape unit. Figure 4-2 is a diagram of
the Iinstrumentation used to collect the p-static noise data in flight.

B. P-Static Flight Test Procedure.

A total of six flights were conducted making measurements using
this data collection setup. Four of the flights were made around a closed
course of total length of 129 nm beginning at Ohio University airport,
directly to the York VOR, continuing on to the Henderson VOR then to the
UNI NDB and returning to the Ohio University airport. The other two
flights consisted of a roundtrip to Port Columbus Airport, a trip of 56 nm
on each leg; the other trip went from UNI, directly to York VOR, directly
to Henderson VOR, directly to Parkersburg Airport. This final trip length
was 168 nm. These flights were conducted over a standard flight route to
eliminate possible outside noise variables. The flights were conducted
over high voltage power lines, and Figure 4-3 notes the most prominent
lines along the routes.

In the cockplit, the pilots had access to a CDI that presents
steering information from the TI-9900 Loran-~C receiver. The CDI has selec-
table sensitivities of 0.5 nm either side to 1.25 nm either side of course.
This information was constantly cross—checked using Collins 51RV4 VOR/ILS
receivers and Foster 511 RNAV and was also cross—checked with TACAN, and,
in all cases, the Loran C provided very accurate and consistant results
during the flights.
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One of the flights, conducted March 11, 1982, consisted of a flight
in an area of thunderstorm activity and heavy rain showers, This flight

was conducted along the closed route and will be described in detail later,

There were basically five flights used to evaluate the flight noise
characteristics of the three discharger types tested in the ground p-static
survey, the corona points, Dayton-Granger 16375 and TCO ESD-3. Figure 4-4
is a photograph of the corona points mounted on the right elevator trailing
edge. All of these flights were made using the biased-discharger to charge
the airframe. Figures 4-5 to 4-8 are the recorded loran-C ground tracks of
the flights around the closed routes. Figure 4-9 is the recorded Loran-C
ground track of the portion of the final flight test along the closed
route., These figures are for flights conducted using the biased-discharger
to charge the airframe artifically in flight. All of these flights were
conducted in clear air with no spheric activity in the area. During all of
these flights, the TI-9900 had no trouble with signal-to-noise problems due
to the airframe charging.,

The data from the dischargers and noise produced is plotted in
gseveral different forms to try to gain a picture of the total effects of
the discharging current, the noise produced and any airframe charging
effects, This data was also plotted to try to determine if any location-
related noise effects were producing any masking results.,

Before the flight data results can be described, a few words about
the procedure followed during the flights is in order. For all of the
flights, during takeoff only the TI-9900 Loran-C receiver and the Byte
Bucket digital cassette recorder were operating, After takeoff, the
remaining equipment was powered up and the data collection was begun, The
blased-discharger data was taken during the flight while using the
displayed data on the H-89 computer as a reference. Each time a line of
data was taken it was displayed on the computer along with a count of the
line number., Using this line number, the power supply was increased 5 kv
every 10 lines starting at 0 kv and going to 65 kv, At the end of the ten
lines at 65 kv, the supply was turned off and another ten lines were taken,
then the software data collection was stopped. This data collection method
was performed three times during the closed course flights., Volume II pro-
vides more detail on the specifics of the data recorded during each flight,
In order to correlate the data from the dischargers and the TI-9900, the
discharger data collection software prompted the operator to enter the time
which was available as an output on the TI-9900 display as well as recorded
with each data point recorded on the digital cassette tape. This time
information provided correlation to an accuracy of 15 seconds or better.
The discharger data collection software produced a record of data every 6.5
seconds. The TI-9900 produced a recorded data position every 14,7 seconds.

The Loran-C plots were obtained with the TI-9900 using the 9960 GRI

northeast Loran-C chain tracking Seneca, N,Y, - Carolina Beach, N.C. (M~Y)
and Seneca, N.Y. = Dana, In. (M-Z) pairs with no TD corrections made.
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c. P-Static Flight Test Results,

The graphic output data of the biased discharger airframe charging
in flight is described in the following manner. The results will be
discussed first by describing the plots of the corona points as dis-
chargers. Each of the individual flight tests is plotted five different
ways as follows,

1. Noise vs. Total Discharger Current

2. Airframe KV vs. Total Discharger Current

3. Noise vs., Time of Flight

4, Airframe KV vs. Time of Flight

5. Total Discharger Current vs. Time of Flight

The first two plots named above were similar to the plots produced
for the ground p-static survey except that in the plots presented here the
data points were plotted individually and not connected as in a time
sequence plot. This was done so that the density of point plotting is
easily discernable without the clutter of the connecting lines between plot
points. Since the recorded data were collected in time sequence fashion,
the last three plots named above provide useful information to relate the
discharger current, alrframe KV and noise to each other without undue
complications.

1. Biased Discharger Flights Using Corona Points, Figure 4-~10
is the plot of noise vs. current, and Figure 4-11 is the plot for airframe
XV vs. current for the biased-discharger airframe charging with the corona
points, Since there are three sets of plots for each of these graphs, for
the ease of readability, only one of the three sets will be presented in
the text. All of the plots will be included in Volume II. Note that
in Figure 4-10 there is a definite trend toward increased noise for an
increase in discharger current, but due to the limitation on the high
voltage power supply the discharge current is limited. Relating this to
the ground p-static testing, Figure 4-10 only represents a small portion of
Figure 3-18 described earlier in the ground p-static test data. The noise
rise indicated in Figure 4-10 is approximately 8 db for a maximum dis-
charger current of about 50 microamps. This does indicate that, based on
the data plotted in the ground p-static tests, the noise with corona points
does build up quickly. This initial slope, as observed in the ground p-
static testing, 1s not linear and begins to decrease with increasing noise.

Figures 4~12 to 4—14 are the plots of the variables; discharger
current, noise, and airframe KV vs., time for the corona polnts using the
biased-discharger to charge the airframe. The effect of the blased-
discharger is shown in Figure 4-12, the nolse vs. time plot. It can be
seen that there indeed is a correlation between noise and discharger wick
currents as was expected based on the ground p-static testing. Figure 4-13
is the current vs. time plot for the corona point which indicates that
about 390 seconds into the plot, the airframe began to discharge current,
Relating this to Figure 4-15 this corresponds to a biased-discharger
voltage of 30 KV. Also note that the discharge current off of the airframe
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Figure 4-10.
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Figure 4-12,
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appears to be linear as a function of biased-discharger voltage at least
for this range. The sudden drop in the plot of Figure 4-13 at 980 seconds
is due to turning the biased-discharger supply off which corresponds to the
step to 0 KV shown at 975 seconds in Figure 4-15. Figure 4-14, which is a
plot of the high voltage vs. time for the biased-discharger, indicates the
transfer function between the input and the output response of the airframe
to the biased discharger stimulus. Note in Figure 4-14 that the airframe
potential begins to increase about the 300 second-point which corresponds
to a biased-discharger voltage of approximately 25 KV. The roughness of
the airframe KV measurements is believed due to the type of transducer used
for the field mill measurements. This field mill sensor uses a vibrating
diaphram behind an aperture looking through the aircraft skin on the top of
the airframe. Some of the rough output data are thought due to the
airstream as it flowed past the aperture causing dynamic pressures on the
diaphram which tends to cause errors in the readings. Even with this con-
dition the 1increased trend in potential can be observed in the plot of this
data, For the KV plots indicated here, the data was smoothed analytically.

The data presented above are for the corona polnts which were used to
represent the worst case data for the evaluation. Only one set of the three
sets of data is presented here with the text, the other two sets of plots
are presented 1in Volume II for completeness. This is done for the sake of
readability.

2. Blased-Discharger Flights Using Dayton—Granger 16375,
Figures 4-16 to 4-20 are the plots of the biased-discharger data for the
flights using the Dayton-Granger model 16375 static-wick dischargers.
These plots are of the same scale as the plots made using the corona points
so that comparisons can easily be made. Figures 4-16 and 4~17 are the
plots of noise vs. current and alrframe KV vs., current, respectively.
Comparing Figure 4-13 with Figure 4-18 the noise has stayed fairly level as
compared with the noise increase using the corona points. This is what is
expected since the Dayton-Granger dischargers are fairly quiet. Also note
that the total discharger current 1s not as high as the current levels
obtainable using the corona points. Thils would indicate a higher
discharger threshold for these dischargers but the noise levels are still
low. A reduction of 5 db is indicated using the Dayton—-Granger dischargers
at equivalent current levels compared to the nolse output of the corona
points, Therefore, it can be seen that even for the small charging
currents represented here, almost a 2:1 reduction of noise level was
achieved by using a good static-wick discharger. As will be seen later, a
simlilar reduction in noise can be achieved using the TCO manufacturing
ESD-3 or DD] statilc-wick dischargers,

Figures 4-18 to 4-20 are the plots of the noise, current and
airframe KV vs, time. These plots again indicate the performance of the

dischargers as a function of the biased~discharger potential. It can be
seen that the average noise level was fairly constant as compared with the
same plots for the corona points. Also, note that the airframe potential
was higher with the Dayton dischargers than with the corona points as
dischargers. The corona points indicated by Figure 4-14 show that a
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Figure 4-16.
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voltage rise of approximately 6 KV is allowed as compared to the 10 KV rise
allowed by the Dayton-Granger dischargers Figure 4-20.

3. Biased-Discharger Flights Using TCO Manufacturing DDI
Dischargers. The flight tests of the TCO Manufacturing DD1 dischargers
were conducted on March 2, March 19 and March 29, 1982, The March 2 flight
was along the standard flight path; the flight on March 19 was a short data
collection flight to Port Columbus airport from Albany. The last flight on
March 29 was essentially along the standard route except that the flight
continued to Parkersburg instead of returning to Albany after passing
Henderson VOR. Three data runs were conducted on both March 2 and March
29. Only one data run was performed on the flight of March 19.

Figures 4-21 and 4~22 are the plots of noise vs. current and
airframe KV vs. current for the TCO Manufacturing DDl static-wick
dischargers., These plots were taken from the data collected on the
March 29 flight. The rest of the plots are presented in Volume II. The
DD1 dischargers are identical to the ESD-3 dischargers used in the ground
p-static tests except that the mounting base is different.

A comment about the output plots for this data is in order. The
plots of noise vs. current and noise vs. time (Figures 4-21 to 4-23) for
these data collection runs indicate, occasionally, noise levels signifi-
cantly lower than the ambient noise levels. This 1s due to the frequency
selection band switch in the EMC-25 interference analyzer. During the
flight it was discovered that the noise level appeared to decrease but
reselecting the band selector knob restored the noise output level to the
values expected. This problem was believed to be due to the vibration of
the aircraft. The plots where this problem is found will be indicated on
the plot.

Examining Figure 4-21 indicates that the noise levels of the TCO
manufacturing DDl static-wick dischargers were similar to the results
obtained with the Dayton-Granger 16375. There was no significant increase
in the noise level for the charging currents off the airplane. Figures
4-23 to 4~25 are the plots of noise, current and airframe potential,
respectively, for the TCO-DDl dischargers. One obvious comparison to the
Dayton-Granger dischargers was that for a given biased-discharger potential
the TCO-DD1 dischargers allowed more current flow off the aircraft,

The average airframe potential with the TCO-DD1 dischargers rose only

3-4 KV as compared to a rise with the Dayton-Granger 16375 dischargers of
approximately 10 KV, One of the reasons for this behavior was attributed
to the lower corona threshold of the TCO-DDl as compared to the
Dayton-Granger. This can be seen by comparing the time that the airframe
begins to discharge current. On the Granger dischargers this occurs at
about 450 seconds (Figure 4-19) which, based on Figure 4-15, was where the
biased-discharger potential was being increased to 35 KV. 1In Figure 4-24
it can be seen that this same point on the DDl plot occurs at 190 seconds

which corresponded to the point where the biased-discharger potential was
being increased to 15 KV.
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Figure 4-21.
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Figure 4-22.
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Figure 4-23. ,
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Figure 4-25.
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Overall, the performance of the Dayton-Granger and the TCO
Manufacturing dischargers were similar with both types providing an

improvement in the noise generated by corona discharge due to a p-static
charge buildup on the aircraft.

4. Natural Charging Flight Test, The last flight test per-
formed using the p-static data collection software was a flight conducted
on March 11, 1982, This flight was conducted along the same route as the
other standard data collection flights except that this flight was con-
ducted in moderate to heavy rain and in the vicinity of thunderstorm acti-
vity. The aircraft was equipped with the Dayton—-Granger 16375 dischargers,
and the biased-discharger was not operating. The alrcraft charging is
soley due to p-static and crossed field effects due to the proximity of the
thunderstorm activity.

Figure 4-26 is the plot of the ground track as recorded during the
flight from the output of the TI-9900 Loran-C receiver. The numbers next
to points on the ground track were the time in seconds that had elapsed
since the discharger current measurements were begun. These numbers allow
correlation between the ground track and the plots of noise, current and
airframe KV vs. time in Figures 4-27 to 4-31, respectively. Figure 4-27 is
a very interesting plot of the distribution of the data points of noise vs.
discharger current for this flight., Values to the right of zero on the
microamp scale indicate positive=-point corona, and values to the left are
negative-point corona. As can be seen, the slopes and characteristics of
the nolse levels vs. current are different for the different corona point
types., From the ground p-static testing, it was shown that positive-point
corona produced greater noise levels than negative-point corona which is
indicated very clearly in this plot with natural charging currents. 1In
order to obtain more Information on this, additional testing in actual
charging conditions 1is necessary.

Referring to Figure 4-26, the Loran-C ground track, there are two
places where the ground track is not plotted. During these times, the
TI~9900 receiver could not receive the necessary stations to output the
ground track. The receiver lost track at 1380 seconds into the run and then
was back to tracking again at 1680 seconds., The signal-to-noise was very
poor and the receiver completly lost lock on the stations and had to begin
to reacquire the stations again. At this time the aircraft was passing
through an area of heavy rain with some lightning around the aircraft. P-
static could be heard in the audio of the VHF communications receiver. A
few minutes after the receiver began to provide navigation outputs, the
aircraft flew into an area between layers. After passing the Henderson
VOR, the aircraft again entered another area of rain with an increase in
the p-static currents off the aircraft causing a decrease in the signal-to-
noise numbers displayed on the TI-9900 receiver display. Agaln at 2280
seconds into the data collection run, the TI-9900 receiver lost track on
the received stations necessary for navigation outputs. The recelver again
acquired track of the stations at 2400 seconds into the run. About 5
miles later, the aircraft flew into clear air for the rest of the flight to
the NDB and finally landing at the university airport. It can be seen by
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Figure 4-28.
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Figure 4-29.
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Figure 4-31.
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observing Figures 4-29 to 4-31 the effects of the noise, discharger
currents and airframe potential vs. time as the flight progressed.
Especially, note the large bipolar swing in the discharger current in the
vicinity of 1500 seconds. It was believed that this was due to flight
through areas of charge centers relating to electrical activity in the
thunderstorms. The thunderstorm activity encountered in this flight are

quite typical of the type of activity that might be encountered in a flight
deviating around a large area of thunderstorms.

One point that needs to be made regarding the poor noise reduction
performance of this flight was that at about 1625 seconds into the
discharger data collection run both the Dayton-Granger dischargers on the
right elevator were lost off the aircraft. This would definitely contri-
bute to the increased noise especially in the type of charging experienced
during this flight., Therefore, it is strongly suggested that definite
conclusions based on this data is inappropiate due to the problems men-—
tioned above. Additional actual flight test data is necessary to evaluate
these results.

D. Summary of P-Static Flight Tests.,

In summary, the data presented here suggests that noise reduction
benefits are achievable when using well-designed static-wick dischargers on

aircraft to reduce the locally generated noise due to the corona discharge
caused by p—-static charging of the aircraft in flight, The flights con-
ducted using the biased-discharger to develop a charge on the aircraft did
not duplicate the current levels attainable in the ground p-static tests.
Nevertheless, it was demonstrated that noise reductions are afforded even
at these low levels, Much has been learned in making these measurements

which will allow more efficent data collection in the future,
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V. GROUND LIGHTNING SIMULATION TESTING

A. Lightning Simulation.,

1. Test Procedure. The ground lightning simulation testing
was performed at Wright~—Patterson Air Force Base in Dayton, Ohio. This

testing was performed using the facilities of the Atmospheric Electricity
and Hazards Group at WPAFB. Figure 5-1 is a diagram of the test set up for
the lightning simulation testing. The lightning fields simulator was set
up to produce the fields necessary to simulate lightning strokes with a
distance of 10 to 40 nm to the aircraft with these strokes occurring at
azimuth angles around the aircraft every 30 degrees. The lightning simula-
tor consisted of a high voltage power supply that would discharge into an
arc in a relaxation oscillator mode. The capacltors were charged until the
voltage on the air gap flashed over and the capacitors were discharged
through a pulse shaping resistor that provided damping for any ringing

of the current pulse. The current pulse was measured on a storage
oscilloscope using a curreant transformer placed on one of the supply lines
to the air gap, Figure 5-2. After the capacitors discharged, the supply
began to charge the capacitors until the spark gap flashed over again.

The time between flashes was approximately 12 seconds. Figure 5-3 is a
computer plot of the current pulse based on the equivalent circuit of
Figure 5-2 and the recorded parameters.

In order to determine the simulated lightning distance to the
aircraft, a 3M Ryan StormScope Model 7A was used in the aircraft, Figure

5-4 1s a photograph of the lightning simulator in relation to the aircraft.
The StormScope antenna, Trimble Loran-C antenna and the long wire antenna

used for the TI-9900 Loran—-C receivers are noted on the photograph. Figure
5-5 1is a closer view of the enclosed airgap used in the lightning simula-

tor. The simulator was turned on and the distance from the aircraft center
was established at about 20 meters and the StormScope was observed to have

discharges plotted anywhere from 10 nm to 40 nm from the aircraft. Figure
5-6 1s a photograph of the StormScope display with the simulator placed at

the 240-degree azimuth relative to the nose of the aircraft. The range of
the StormScope was set at 40 nm, and, as can be seen, the discharge points

lie essentially on the 240-degree azimuth line of the StormScope display.
The azimuth of the simulator around the aircraft was set by using the drift
sight installed in the aircraft.

The equipment installed in the aircraft for data collection con-
sisted of the following: the Heath H-89 Digital computer using an assembly

program to receive asynchronously the serial output data from the Trimble
and TI-9900 Loran-C receiver and dump them to the Byte Bucket Digital

Cassette recorder. The TI~9900 receiver produces about 200 characters
every 14,7 seconds and the Trimble also produces about 200 characters but

the frequency of this entire record was about every 90 seconds. Data were
taken with the simulator operating for approximately 3-5 minutes at each of

12 azimuth positions spaced 30 degrees around the aircraft. A control data
set was taken with the lightning simulator off to determine the charac-

teristics of the position outputs of the Loran-C receivers without any
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lightning stroke activity. Therefore, there was a total of 24 measurements
made in the ground lightning simulations which involved 12 azimuth

positions; one data set without the simulator operating and one with the
simulator operating at each azimuth,

2, Ground Lightning Simulation Test Results. The ground
lightning simulation test results were very consistently good. Figures 5-7
to 5-14 are graphic output for the tests every 90 degrees of azimuth., All
of the graphic output for all 12 azimuth positions are presented in Volume
II. The data presented here represents data taken with both receivers
tracking the 9960 GRI of the Loran-C north-east chain. The station pairs
selected for the position output data are the Seneca, N.Y. - Carolina
Beach, N.C. (M~Y) and Seneca, N.Y. (M~Z) pairs which produce an optimum
position determination in the area of WPAFB. Each square in the figures
represents 0,05 nm either side of the position determined as the average of
all the output position data for that azimuth., The X in the middle of the
box represents this average position. The circles represent the plots of
the output data. Note many of the points are overstrikes indicating the
same output position. A position of 0.05 nm represents a deviation of
approximately 93 meters or 304 ft. 1In most cases, it is difficult to see
any increase in the deviations for the lightning simulation case and the
ambient noise measurements., For the data output of the Trimble receiver
there was less than 3 output data points which will not allow the calcula-
tion of a standard deviation; this is noted on the graphic output that
apply. Note that both receivers produced, on the average, almost identical
output position data. The only deviation was in the north-south position
direction of *0.02 degree which in this area relate to a position error of
+122 ft. There were a few cases of east-west deviation but this was very
small. This was based on comparing the average position output of the
TI-9900 with the Trimble Model 10A average position output.

Since the frequency of the simulated lightning strokes was very
slow, the probability of producing significant position output errors was
quite low. The repetition frequency of the lightning strokes was limited
by the charging current available in the high voltage power supply used in
the lightning simulator. Also, the production of rapid return stroke
lightning simulation was not provided as this simulation facility was not
available.

In general, based on the information collected during these tests,
it can be concluded that for light spheric activity within 40 nm of the

Loran-C receiver no significant errors have been detected. Further infor-
mation could be obtained by operating the Loran-C receivers in a fixed
ground installation while recording occurrence of spheric activity along
with the Loran-C receiver position output data. This would provide a stroke
rate vs, position output error qualitative measure of performance.

B. Antenna Static Field Testing.

1. Test Procedure. The idea behind the antenna static field
testing was to induce a high static field on the Loran-C receiver antenna
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Figure 5-8.

TRIMBLE RECEIVER TEST
WPAFB DAYTON, GHIO
.1 NM SQUARES
ARZIMUTH= 000
AMBIENT LIGHTNING
X &
| |
| |
.05 NM
NUMBER OF POINTS 2 NUMBER OF POINTS 1
CENTER 39 4g.78 N X CENTER 39 4g9.78 N
8y 2.20 W 8u 2.20 H

S AND S2 NOT AVARILABLE S AND S2 NOT AVAILABLE



_78-

Figure 5-9.
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Figure 5-10.
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Figure 5-11.
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Figure 5-12.
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Figure 5-14.

TRIMBLE RECEIVER TEST
WPAFB DAYTON, OHIO
.1 NM SQUARES
AZIMUTH= 270
AMBIENT LIGHTNING
& X
——
.05 NM
NUMBER OF POINTS 2 NUMBER OF POINTS 2
CENTER 39 48.75 N CENTER 39 48,75 N
gy 2.20 W g4 2.20 W

S AND S2 NOT AVAILABLE S AND S2 NOT RVAILABLE



to see if this produces any significant position errors, There were two
antennas, one for each of the Loran-C receivers. One is a long-wire
antenna and the other is a small whip antenna approximately 30 inches in
length, The Trimble Model 10A antenna is a custom-made antenna provided
for our testing by Trimble Navigation, This antenna consists of an antenna
base made of Derlyn plastic with a fiberglass whip antenna and a metal con-
ductor placed in the whip, Figure 5~15. The preamplifier was built into
the base and calibrated at the factory to provide essentially identical
performance as the recommended 8-foot whip typically used in marine Loran-C
applications. The antenna used with the TI-9900 Loran-C receiver is a long
wire that is connected from the top of the aircraft above the door, to near
the top of the rudder, Figure 5-~16. The capacitance of this antenna is
approximately 45 pf at 100 KHz, which is sufficent to operate the receiver
according to the designers at Texas Instruments.

To induce the static electric field, a set of parallel aluminium
plates were placed equally on either side of the antenna. See Figure 5-17,
a photo of the Trimble 10-A antenna with the static field generator in
place., One side of the palr of plates was connected to the airframe ground
and the other plate was connected to the high voltage supply. The field
was lncreased 10 KV/meter from O KV to 100 KV/meter. This relates to a
voltage across the plates of between 1,0 Kv and 10,0 Kv. The plates were
separated by 10,0 cm. to provide easy field calculation neglecting the
effects of fringing at the edges of the parallel plates.

Almost the entire antenna was immersed in the static field for the
Trimble receiver, while only a small portion of the TI-9900 antenna was

immersed in the fileld due to constraints on the physical size of the
parallel plates, :

The data collection equipment used with this testing was the same as
that used in the ground lightning simulation testing described above. The
method of testing was to take data on the output of each of the receilvers
on the Heath H-89 digital computer for between 3 and 5 minutes at each
power supply output voltage. The data started with the HV power supply at
0 volts and then increased 1000 volts every 3-5 minutes until 10 Kv was
reached., With a 10 cm spacing on the parallel plates, this resulted in
fields from O to 100 KV/meter which are representive of the electric filelds
encountered during flights near thunderstorms. The amblent field data out-
put of the recelvers was taken with the voltage on the plates at 0 volts,
This was used as a control to determine the baseline of the output data for
the static field tests.

2. Static Electric Field Test Results.. The results of the
static fields on the antennas 1is presented in a similar manner as in the
ground lightning simulation testing., Figures 5-18 to 5-25 are the output
plots for electric fields of 10, 20, 50 and 100 KV/meter with Figure 5-26
being a summary of the results plotted as standard deviation vs. static
electric field intensity. The summary plot indicates a trend toward a
position output bias. Even with the TI-9900 receiver, which shows the
highest values of standard deviation, this was still a position error of
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Figure 5-21
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Figure 5-23.
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Figure 5-24.
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Figure 5-25.
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30 ft. The 100 KV/meter electric fleld intensity is a very high value that
would indicate a good possibility of lightning near the aircraft. The
static field antenna measurements were one way of evaluating the dynamic
performance of the antenna preamplifier because the high static fields can
cause failures in the preamp 1f it was not properly designed. Also, the
high static field can cause a decrease in the dynamic range of the receiver
if the preamp is DC coupled to the antenna, If the aircraft becomes
charged due to p-static, the static electric fields due to this charging
will produce a static electric field around the antenna. This static
electric field will generally not be as strong as the fields produced near
thunderstorm activity.

One point to note about the position output data from the Trimble
receiver is the deviation in position of the receiver in the static field
test as compared with the receiver output position determined in the
lightning simulation testing (Figures 5-8 and 5-19). The size of the
parallel plates was almost the same size as the height of the Trimble
antenna, This shielding of the Trimble antenna was believed to cause the
discrepancy in the Trimble receiver's ability to determine the true posi-
tion., The signal-to-noise values determined by the Trimble receiver were
smaller with the parallel plates than without the parallel plates which
tends to support the fact that the receiver was seeing a shielding effect
due to the presence of the parallel plates. This does not invalidate the
data taken here because we were really only interested in the relative
position errors which we were still able to measure. This effect was not
observed in the TI-9900 because the parallel plates were small compared to
the length of the antenna,

C. Summary of Ground Lightning and Static Field Tests.

In summary, the results of the ground lightning simulation testing
of the Loran-C receivers has not produced significant results that conclu-

sively point either way regarding the performance of the receivers in thun-
derstorm conditions. One problem was the inability of the lightning

simulation equipment to produce a high repetition rate for the lightning
strokes to contaminate significantly the received Loran—-C signal. More

flight testing near thunderstorm conditions will likely produce more rele-—
vant data.

The antenna static field measurements proved to be a very useful
test which indicated that the preamplifier designs used in these receivers

were adequate to handle the magnitude of static electric fields that might
be encountered in the vicinity of lightning activity. This test was useful

also because it allowed separating the effects of the statiec electric field
with any other noise caused by natural charging on the airframe due to p-

static or any nolse due to lightning stroke activity.
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VI, FLIGHT TESTS IN THUNDERSTORM CONDITIONS

1. Test Procedure. A combination of several means were used
to position the aircraft near the thunderstorm activity for these tests.,

On the ground telephone calls to Flight Service and the National Weather
Service radar facility at the Port Columbus Airport, along with obser-
vations of the StormScope in the aireraft, provided valuable information on
the positions of the thunderstorm activity. The personnel at the Weather
Service office were very helpful in providing copies of the radar scope
overlays for use in determining, after the flights, where the principle
rain activity was occurring.

In flight the StormScope and the weather radar on board the aircraft
alded in locating the thunderstorm activity that was needed. Communica-
tions with Flight Service and ATC Center personnel were also helpful,
although they were quite confused due to our continued requests to fly into
the weather activity shown on thelr radar scopes.

The data collection equipment used during this series of flights
consists of the following: the TI-9900 Loran-C receiver, Trimble Model 10A
Loran-C receiver, the Heath H-89 digital computer with software, and
handwritten notes taken during the flights. The serial output of the
TI-9900 and Trimble 10A were recorded using the same merge software used in
the ground lightning testing and output to the Byte Bucket Digital Cassette
recorder. No discharger current or nolse data were recorded as the quality
of the output position of the receivers were the primary data of interest,

The TI-9900 has an output voltage that can drive a course deviation
indicator., For these flights, the pilots were provided with a CDI with an
indicator sensitivity of 0.5 nm either side of course to track to the way~-
points. This CDI was available for the pilots on flights after September
8, 1981,

There was a total of five flights made during this series of
tests, Three of the flights were made in thunderstorm conditions and
the other two were made in clear weather to determine the performance of
the receiver without any thunderstorm activity in the area,

2, Thunderstorm Flight Tegt Results, Figures 6-1 and 6-2 are
plots of the proposed flight paths for the flights in thunderstorm con-
ditions conducted on August 29, 1981, The flight was performed in two
legs; the first leg involved initially leaving UNI and proceeding directly
to Midwest (MXQ) VOR to Appleton (APE) VOR landing at Port Columbus
Airport. Approximately 35 nm from Ohio University (UNI), the MXQ VOR
failed and the flight then diverted to Springfield (SGH) VOR and then Port
Columbus via vectors to the approach., After visiting the National Weather
Service Radar Facility and obtaining more information on the position of
the weather, the return trip was started. This leg involved Port Columbus
(CMH) directly to Zanesville (ZZV) VOR directly to UNI NDB and then
directly to UNI, Figures 6-3 to 6~6 are the actual ground tracks for this
flight for each of the Loran-C recelvers., These figures have noted the
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thunderstorm and rain activity as noted by the radar and notes taken during
the flight, Figure 6-7. The plots of the TI-9900 receiver indicate that
the continuity of the ground track is good and that the receiver apparently
had no problem with reception of the Loran-C stations with the lightning
activity in the area. 1In monitoring the receiver during the flight, the
signal-to—noise levels were quite acceptable with approximately 5 to 6 db
variation in the signal-to-noise levels.

The Trimble receiver appeared to have a little more difficulty but
this was believed to be due more to the slow update rate and signal
tracking algorithm rather than the atmospheric noise during the flight.

The Trimble receiver also indicated adequate signal-to—noise values so that
it was not having problems receiving the Loran-C statioms.

Overall, the results were Ilmpressive as the ground tracks plotted
indicated good accuracy. The coordinates for the ground fixes were
obtained from IFR facilities directories or were determined from latitude
and longitude measurements made off VFR sectional charts. The ground
tracks plotted indicate that the loran C was definitely able to provide
good enroute navigation information.

Figure 6-8 is the plot of the proposed flight path for the test con-
ducted August 31, 1981 in thunderstorm conditions. The proposed flight
path begins at UNI airport directly to Midwest VOR directly to Appleton VOR
directly to the UNI NDB and then directly to UNI airport. Takeoff time for
this flight was 3:16 P.M. Figures 6-9 to 6-11 are radar scope overlays of
the weather approximately every hour starting just before takeoff time.
This information along with notes taken during the flight regarding rain
and lightning activity is shown on Figures 6-12 and 6-13, the ground tracks
of the Trimble and TI-9900 receivers. The receivers indicated during the
flight that the signal-to-noise of the loran-C was adequate for tracking.
The aircraft charging was also monitored during the flight with currents
less than 100 micro-amps indicated. This flight was conducted at 6000 ft.
MSL. At the Appleton VOR the aircraft was flying through an area of
moderate rain, The StormScope indicated electrical activity essentially in
all directions at ranges as low as 10 nm., There was lightning in clouds in
the vicinity of Midwest VOR. The southern deviation on the leg between UNIL
and MXQ was to approach what appeared to be a thunderstorm build-up in that
area, Figure 6-13 indicates this deviation very accurately for both
receivers.

The final flight in thunderstorm conditions was conducted on October
1, 1981, The 11/ hour flight was conducted in the heaviest weather yet
encountered in this test program. A fast moving cold -front moved through
Ohio setting off level 3 and 4 thunderstorm activity. Level 3 thunderstorm
activity consists of possible severe turbulence and lightning with level 4
described as severe turbulence likely with ligntning. During this flight a
prototype of a weather radar uplink receiver was installed in the aircraft
[3]. This receiver was part of an evaluation of a weather radar uplink
system, conducted by Ohio University, which uplinks to the alrcraft, the
Port Columbus National Weather Service WSR-74C weather radar information on
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an audio subcarrier of the Zanesville VOR. Based on Flight Service Weather
information the flight proceeded northeast bound. The FAA/MITRE weather
radar uplink receiver in the aircraft indicated that the heaviest weather
was south of the current position. Figure 6~14a is a copy of the printout
of the FAA/MITRE weather radar uplink receiver output that indicates the
line of thunderstorms in the area. Figure 6-14b 1s a plot of the ground
track as recorded by hand written notes during the flight as there was a
problem in recording the digital output of the TI-9900 receiver on the Byte
Bucket digital cassette recorder.

The flight encountered moderate to heavy rain and light to moderate
turbulence. There was lightning above and around the aircraft as the
flight progressed. During the flight, the instrumentation for the p-static
dischargers on the aircraft showed the aircraft transversing areas of high
static fields as the polarity and magnitude varied quite dramatically. The
aircraft was consistently discharging at 300 to 500 microamperes in both
positive- and negative-point corona. The S/N values from the TI-9900 did
vary approximately 20 db during the flight with the receiver indicating no
deceptive or erratic performance., At one point in the flight, when the
aircraft was encountering high p-static discharging rates with increased
electrical activity above and around the aircraft, the TI-9900 did lose
cycle track on the Dana and Carolina Beach stations of the 9960 GRI rate
for approximately 20 seconds while track on the Seneca, N.Y. was preserved.
The receiver produced no obviously incorrect data points and continued to
provide a consistent position output., The S/N values for the two stations
dropped to about =15 db S/N during the cycle track loss which then promptly
returned to normal. The total flight time for this flight was 2.5 hours
and produced no other cycle track loss. The Loran output data was used
continually during the flight to position the aircraft during the test,

Figures 6-15 and 6-16 are ground track plots for flights in clear
weather conditions. These flights were made to determine the ability of

the receivers to provide navigation information in near ideal conditions.
Figure 6~15 represents a flight on August 12, 1981 using the Trimble

receiver. The flight consisted of a closed course from Henderson VOR. As
can be seen in the ground track produced by this receiver, the slow update

rate produces data approximately every 4.5 nm. The recelver also indicated
problems in determining the aircraft position at certain times, but when

this happens the receiver has always provided an indication that the
displayed position was suspect. This condition was also true in all of the

flights in thunderstorm conditions. The Trimble 10A receiver is an
accurate receiver but 1t just does not provide good real time position

information in an alrcraft.

Figure 6-16 is the ground track for the September 24, 1981 flight in
clear weather conditions of the TI-9900 lLoran-C receiver. This flight was
conducted during the return of N/AP to Ohio University after the ground
lightning testing at WPAFB, Dayton, Ohio. This was the first flight that

was conducted with the pilots using the CDI for steering correction com-
mands from the Loran-C receiver. The flight was conducted directly to the

NDB, at UNI airport using the * 0.5 nm either side of course CDI as the
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primary navigation aid. The flight was conducted in VFR conditions with no
thunderstorm activity. As Figure 6-16 indicates, the TI-9900 provided what
appeared to be accurate course information. Also, note the ground track
crossing Pickaway County airport. The aircraft did indeed cross that air-
port as indicated. 1In all tests involving the TI-9900 receiver, the
quality of the plots obtained has been excellent. Comparing this plot with
plots obtained during thunderstorm flights indicates that the receiver does
provide real-time navigation information to the pilot.

3. Summary of Thunderstorm Flight Test Results. The flights
conducted in actual thunderstorm condition indicated that the Loran-C
receivers did provide adequate navigation information. Two of the flights
conducted provided position accuracy of 0.1 to 0.3 nm in cross~track error
for flight over known ground fixes. This information represents approxi-
mately 15-20 visual observations crossing VOR's and airports. These
errors are well within the tolerance specified in AC-90-45A [4] for a two-
dimensional enroute and terminal RNAV system.

Two other flights in thunderstorm conditions did provide loss of
navigation information during part of the flight but further testing is

required before conclusions can be made regarding these incidents.
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VII. RECOMMENDATIONS

The recommendation based on the data obtained during the entire pro-
ject would be to continue flight testing in thunderstorm and/or p-static
charging conditions. A small data collection package weighing less than 25
pounds can be built and installed in several different types of aircraft to
record several of the following parameters: aircraft discharging current,
100 KHz noise level, Loran—-C signal-to-noise level, lightning stroke rate,
and altitude. Another device that could assist the pilot in determining
the qualitative level of p-static charging is a p-static current indicator,
This device would consist of a small meter assembly to be mounted in the
cockpit with an instrumented static wick mounted on a p-static hot spot on
the airframe, such as the top of the rudder. The meter in the cockpit
would be marked with green, yellow and red arcs that would correspond to
low or normal, moderate and warning levels of charging, respectively, on
the airframe., The pilot then with this device has qualitative information
regarding the level of charging occurring on the aircraft and the possible
effects on avionics performance.

It would be beneficial if manufacturers would provide drawings and
procedures for the installation of static-wick dischargers for all IFR

equipped aircraft. This would allow the aircraft owner or operator to have
the aircraft equipped with efficient dischargers when a problem with p-
static is discovered.

One additional noise source that was not investigated in this report
is the effects of streamer currents caused by bound charge on non-

conducting surfaces of the aircraft such as radomes, windscreens and
fiberglass engine shrouds. Several manufacturers provide treatments for

these surfaces but an evaluation of these methods 1s necessary to determine
their effectiveness,
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