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Abstract

Three self-recording current meters, the Aanderaa RCM-4, the Braincon
type 381 and the General Qceanics Model 6011, were tested for their
directional sensitivity in low horizontal magnetic fields in a laboratory
where the magnetic field intensity is controlled. In the tests, the
relative direction error was measured; this is the difference between
the indicated direction at low horizontal magnetic fields and the
indicated direction in a horizontal magnetic field of 16,000 gamma, a
field strength typical of mid-latitudes where most compass calibrations
are made. The tests indicated that, of the instruments tested, the
Aanderaa current meter is the most sensitive in direction measurements,
with relative direction errors of five degrees at horizontal field
strengths ranging from 700 to 4,400 gamma about a mean of 2,500 gamma
depending on the orientation of the instruments and the applied magnetic
field. The Braincon current meter indicated relative direction errors of
five degrees in horizontal fields ranging from 1,700 gamma to 9,900 gamma
about a mean of 3,800 gamma. While the General Oceanics current meter
registered larger errors, it is suggested that improved digital resolution
of this instrument and improved accuracy in the inclination sensor would
substantially improve its direction sensitivity. Further tests of the
direction sensitivity of Aanderaa current meters are recommended in view
of differences between the results of this study and an earlier study
(Barfoot, 1972).



Acknowledgments

The author wishes to thank the Geomagnetics Laboratory, Earth Physics’
Branch, Department of Energy, Mines and Resources, Blackburn, Ottawa,
Ontario for the use of their facilities and the technical assistance
provided. A special acknowledgment is due to Mr. Doug. Trigg of the
Geomagnetics Laboratory for his unfailing assistance during all phases of
this study.

We are grateful to Mr. Harold Serson, Defence Research Establishment
Pacific, Department of National Defence, Esquimalt, B. C. for the loan of
the Braincon current meter and to Mr. Norman Durieux of Band Electronics
Ltd., Delta, B. C. for the Toan of the General Oceanics current meter.

The author benefited from discussions with Dr. E. L. Lewis and Mr. R.
Sudar of the Frozen Sea Research Group and with Mr. R. H. Herlinveaux of
the Arctic Marine Science Group, Institute of Ocean Sciences, Patricia Bay,
Sidney, B. C. :



TABLE OF CONTENTS

Abstract

Acknowledgments

Introduction

Review

Laboratory Test Procedure

Results

4.1 Aanderaa Current Meter
4.1.1 Direction Sensitivity
4.1.2 Response Time

4.2 Braincon Current Meter
4.2.1 Direction Sensitivity
4.2.2 Response Time

4.3 General Oceanics Current Meter
4.3.1 Direction Sensitivity
4.3.2 Response Time

Discussion

Summary and Conclusions

References

APPENDIX 1 : Test Data for Aanderaa Current Meter

APPENDIX 2 : Test Data for Braincon Current Meter

Page

10
10
10
10
13
13
16
16
20
21






1. Introduction

The Timitations of magnetic compasses in @olar regions are well known to
those involved in northern shipping and aviation. For oceanographers, the
weak horizontal component of the earth's magnetic field (H) also poses a
problem because conventional current meters rely on the earth's magnetic field
to provide a reference for measuring the direction of water currents. One
can avoid this difficulty by deploying current meters on rigid structures
mounted on the bottom or suspended below the ice (Lewis, 1975) but for deep
water regions or areas that are not ice covered all year, these techniques
are not applicable. Gyro compasses, commonly used on ships and airplanes in
polar regions, require relatively large amounts of power so that leaving the
instrument 'in situ' for long time-series measurements is not possible. An
acoustic positioning system, consisting of an attachment to a conventional
current meter which determines its orientation from the bearing to a bottom-
mounted transponder, is currently under development (E. L. Lewis, personal
communication) and this system may provide a method of allowing moored
current measurements that is not dependent on the earth's magnetic field.

2. Review ' N

The requirements of current measurements for the summer of 1977 in
eastern Lancaster Sound, N.W.T., an area with water depths of 650 to 800 m
and a horizontal component of the earth's magnetic field of 3,000 gamma, led
to a review of previous current measurements in polar regions. Since
Lancaster Sound has little or no ice cover from May through November,
together with its large water depths, we ruled out the possibility of rigidly
mounting current meters from the surface or the bottom. In regions with
similar values of H, conventional current meters have been used with apparent
success. Avis and Coachman (1971) measured currents in northern Baffin Bay
(H = 3,800 gamma) using Braincon meters, while in Fury and Hecla Strait (H =
3,000 gamma), Barber (1960) used an Ekman current meter to measure the water
flow. Also in Fury and Hecla Strait, the Ice Research Group of Defence
Research Establishment Pacific, Department of National Defence, has found
Braincon current meters to give reliable estimates of direction (R. Chow,
personal communication). From an ice floe, located in the Arctic Ocean north
of Ellesmere Island, (H = 2,800 gamma) scientists from the University of
Washington using Aanderaa current meters measured the water current direction
after correcting for temporal changes in the magnetic field variation monitored
with a magnetometer located on the ice floe (D. Hanzlick, personal
communication).

The only laboratory study of the directional sensitivity of current
meters in weak H fields of which we are aware is that of Barfoot (1972).
Barfoot measured the directional sensitivity of one unit each of three
different types of current meters, the Aanderaa RCM-4, the Plessey M201 and
the N.B.A. (Controls) DNC-2A. His results, shown in Table 1, indicate that
current direction measurements reliable to 10 degrees require a horizontal
field strength of 5,000 to 6,000 gamma for those meters tested.

Since Barfoot's conclusions were based on a rather limited data set



Table 1

The horizontal magnetic field strengths required to produce direction
errors of 5 degrees and 10 degrees. These results are taken from the report

of Barfoot (1972).

Current Meter Orientation Magnetic Field Strength
(gamma)
5 degree 10 degree
Plessey North 3000 2000
East 8000 6000
7000 5000
South-West 10000 6000
Aanderaa North 6000 3000}
South-West 6000 4000
East 3000 1000
N.B.A. (Controls) North 5000 5000
South 5000 4000
East 5000 3000

1 Barfoot (1972) states a value of 6000 gamma. However, based on the data
presented in Appendix A-2 of Barfoot's report, the size of the dead band
in the potentiometer of the compass apparently has been taken as the
equivalent of 9 degrees while we use 9 bits or 3 degrees as the correct
value. Therefore, we have recomputed the direction errors for this trial
(see the plot of direction error as a function of field strength in
Appendix 1.



(three trials for the Plessey and Aanderaa current meters, each with a
different heading), we decided to extend his results by conducting further
tests on the Aanderaa RCM-4 current meter and by testing two other current
meters, the Braincon type 381 and the General Oceanics Model 6011. The
Braincon current meter was chosen since it has been widely used in the Arctic,
while the General Oceanics current meter is a recently developed instrument
which utilizes three orthogonal Hall effect sensors to measure components of
the magnetic field. From measured values of the components, together with
the inclination of the meter from the vertical, the direction of the currents
is computed. The Aanderaa and Braincon current meters both have permanent
magnet viscous damped compasses to provide a magnetic north reference
direction. A large vane is attached to the body of these current meters and
the water current direction is determined as the orientation of the current
meter with respect to magnetic north.

3. Laboratory Test Procedure

The Tlaboratory tests were made at the Geomagnetic Laboratory, Earth
Physics Branch, Department of Energy, Mines and Resources near Ottawa, from
April 13th to 20th, 1977, employing the same facilities as those used by
Barfoot (1972). Within a small non-magnetic building (Figure la), the current
meters were placed inside a set of Helmholtz coils (Figure 1b). Helmholtz coils
consist of three pairs of wire coils mounted on large (130 cm in length)
wooden frames so that a current applied to each pair of coils results in a
magnetic field directed between this pair of coils near the centre of the
enclosed region. The three pairs of coils are arranged orthogonally
(Figure 2a) with two horizontal fields being produced, the H field aligned
in the direction of magnetic north and the D field aligned 90° clockwise from
this. The Z field is parallel to the local field of gravity.

During the tests, electrical currents were applied to the D and H coils
to produce magnetic fields equal and opposite to the horizontal component
of the geomagnetic field. These currents were varied to compensate for
temporal changes in the geomagnetic field as measured by a flux gate
magnetometer at another location within the Geomagnetic Laboratory. From
direct measurements of the magnetic field strength at the centre of the region
enclosed by the Helmholtz coils made from time to time during the course of
the tests, it is estimated that the remaining horizontal component of the -
magnetic field is less than 100 gamma. ' :

While conducting tests on the current meters, the ambient vertical
component of the geomagnetic field was not cancelled since the vertical
magnetic field has nearly the same strength in Ottawa and the Canadian Arctic
Islands.

To test the direction sensitivity of the Aanderaa and Braincon current
meters, an additional electrical current was applied to the D or H coils to
generate known magnetic fields. First, a reference field with a field
strength of 16,000 or 20,000 gamma was created to orient the magnetic compass
in a known direction. Then, the reference field was removed and a magnetic field,
usually orientated at 90° to the reference field, was produced. This field



Figure la: The non-magnetic building within which the tests were
carried out

Figure 1b: An Aanderaa current meter within the Helmholtz coils.
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Figure 2a: Schematic diagram of the Helmholtz coils (top view)
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Figure 2b: The Aanderaa RCM-4 current meter within the
Helmholtz coils.



will be referred to as the test field, since it is varied in strength from
near zero to the ambient field strength in Ottawa (16,000 gamma) to test the
directional sensitivity of the current meters as a function of magnetic field
strength. The magnetic compass needle would then rotate towards the
direction of this test field. The compass readout was monitored until the
compass needle stopped moving. By removing the test field and reapplying the
reference field, the compass needle was returned to its initial position.
Then, the reference fieldwas replaced by the test field with a different
field strength and another set of observations was made.

For the direction sensitivity tests, the Aanderaa current meter was
mounted in its pressure case but the spindie and vane assembly were not
attached (see Figure 2b). Using a remote readout device Tocated about 8 m
away, the direction signal was monitored. The Braincon current meter was
tested with the large stainless steel mounting rod but without the vane
assembly as shown in Figure 3a. Because the Braincon current meter records
its data, optically, on 16 mm film, the direction output was observed
visually by removing the upper cap and camera and looking down on to the
compass display from above.

For the General Oceanics current meter, the test procedures were some-
what different. The current meter was placed in a field of constant field
strength (2,000 gamma, 3,000 gamma, 5,000 gamma, 6,000 gamma or 16,000 gamma)
and rotated in increments through 180 degrees. For each heading of the
current meter, the digital output from the three orthogonal field sensors
and the tilt sensor were recorded. From these data, the measured heading was
computed and compared to the actual heading. The General Oceanics current
meter was tested without its pressure case in order to connect the deck read-
out unit (see Figure 3b). While testing this meter without its pressure case
may not be a fair test due to possible magnetization of the case which could
produce direction errors, the test results indicate that large errors due to
Timited digital resolution occur. These errors, discussed in Section 4, are
sufficiently large that the absence of the pressure case is unlikely to
change the conclusions regarding the direction sensitivity of this instrument.

During the course of the tests, the importance of placing the compass
unit of the current meter near the centre of the region enclosed by the
Helmholtz coils became evident. For example, during trials with the compass
of the Aanderaa current meter located 20 cm below the vertical centre of the
coils (130 cm in length), the measured direction sensitivity was markedly
poorer (e.g. the field strength required to reduce the direction error to
5 degrees was 1,000 to 2,000 gamma higher when the compass level was 20 cm
below the centre of the field). In this report, we shall only discuss the
results of those trials in which the compass level of the Aanderaa or
Braincon current meters was within 10 cm of the vertical centre of the
Helmholtz coils.

4, Results

In presenting the results we shall use the following terminology :
relative direction error (Ae) - the difference between the indicated



Figure 3a: The Braincon current meter under testing

Figure 3b: The General
Oceanics current meter
undergoing tests.




direction using the test field and the indicated direction when the
test field is 16,000 gamma in magnitude with the same orientation.
It should be noted that this defined direction error is relative to
any direction error which may exist at 16,000 gamma field strength,
a typical mid-latitude value of the horizontal geomagnetic field in
which most compass calibrations are made.

5 degree response field strength - the test field strength at which the
relative direction error is 5 degrees. Similarly, the 10 degree
response field is the test field strength for relative direction
errors of 10 degrees.

respunse time - the time required for the compass to agree to within two
degrees of the final reading for the particular test field being
applied. '

4.7 Aanderaa Current Meter

4.1.1T Direction Sensitivity

For the Aanderaa current meter, nine different trials of the
direction sensitivity were made, with each trial involving a different
combination of the test field direction, reference field direction and
the current meter heading. Some of these trials were repeated so that
a total of 13 determinations of the direction sensitivity were made.
In addition, seven trials of the direction sensitivity were conducted
with the current meter tilted at either 5 degrees or 10 degrees from
the horizontal.

The final relative direction errors measured during each trial of
the Aanderaa current meter are listed and presented as plots of direction
error vs. horizontal field strength in Appendix 1. To summarize the
results, the 5 degree and 10 degree response fields are listed in
Table 2 for each trial where the current meter was not tilted. The
average 5 degree response field was 2,540 gamma, ranging from a
maximum of 4,400 gamma to a minimum of 700 gamma. For the 10 degree
response field, the average was 1,500 gamma with a maximum of 2,800
camma and a minimum of 400 gamma.

The results are noteworthy for two reasons - the large variation
in the response fields among the different trials, and the generally
Tower response fields in comparison with Barfoot's (1972) results.
Both of these features will be discussed in the following section.

The effect of tilting the Aanderaa current meter on the direction
sensitivity is small for tilt angles of 5 degrees, while tilt angles
of 10 degrees significantly reduce the direction sensitivity. For
example, a 10 degree tilt angle increased the 5 degree response field
from 900 gamma (no tilt) to 5,400 gamma for trial 2. For trial 6,
the zero tilt 5 degree response field was 1,700 gamma as compared to
7,500 gamma for a 10 degree tilt.



Table 2

The 5 degree and 10 degree response fields of the Aanderaa current meter.

a. zero tilt

Trial Time/ Variable Reference C.M. 5° 10°

No. Date Field Field Heading Response (Y) Response (y)
1/1 944/14 D- H+ 0 1900 900
1/2 1632/14 D- H+ 0 3000 1600
1/3 1516/16 D- H+ 0 1700 900
2/1 1404/14 H- H+ 0 3200 1600
3/1 1455/14 H+ D- 0 4400 2800
3/2 936/20 H+ D- 0 3300 1700
4/1 1700/14 D- B+ 225 3400 2200
4/2 1217/20 D~ H+ 225 2100 1500
5/1 1439/16 D+ H+ 0 2300 1500
6/1 1200/20 B+ D+ 1700 <1000
7/1 1152/20 H- D+ 700 400
8/1 1233/20 D- B+ 135 2800 1500
9/1 1249/20 D- H- 135 2500 1400

mean 2540 1460

b. non-zero tilt

Trial Time/ Tilt  Var.  Ref.  C.M. 5° 10°

No. Date Angle Field Field Heading Response (Y) Response (y)
1/T5 5 D- H+ 0 <3000 -
2/T10 1601/16 10 H- H+ 0 5400 2400
5/T5  1532/16 5 D+ B+ 0 2500 1600
6/T5 1122/20 5 Ht D+ 0 <1000 <1000
6/T10 1020/20 10 H+ D+ 0 7500 3500




4.2
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4.1.2 Response Time

Using data from five of the zero-tilt Aanderaa trials, an estimate
of the response time of the Aanderaa compass as a function of the test

field strength was made. The response times in Figure 4 are in fact over-

estimated, since taking a reading with the Aanderaa current meter locks
the compass for a few seconds. During the tests, a reading was taken
approximately once every 25 seconds - the time required to make a
complete recording of the data. The response time appears to vary
inversely with the test field strength. The time required for two
degree agreement with the final value averages 150 seconds for a 500
gamma variable field and 32 seconds for a 3,000 gamma field. At 6,000
gamma, the one degree response time is less than 20 seconds.

Braincon Current Meter

4.2.1 Direction Sensitivity

A total of 14 separate tests of the direction sensitivity of the
Braincon current meter was made. The results, given in Table 3,
indicate that the Braincon current meter requires larger horizontal
magnetic fields than the Aanderaa current meter to agree within 5° and
10° of the true magnetic field direction. The average 5° response
field is 3,800 gamma ranging from 1,700 gamma to 9,900 gamma. The
respective values for the 10° response field is a mean of 3,200 gamma
ranging from 1,200 gamma to 7,300 gamma.

One intriguing feature of the Braincon tests was the presence of a
secondary peak in the relative direction error (A0) as the strength of
the test magnetic field was increased. Unlike the Aanderaa current
meter in which Ao decreased monotonically with increasing variable
magnetic field strength, the tests of the Braincon current meter showed
an initial sharp decrease in A0 as the test magnetic field strength
was increased, but then as it was further increased, A® passed through
zero and began to increase with the opposite sign of the errors found
at small magnetic fields. A0 would then rise to a maximum of from 1 to
7 degrees in absolute value, depending on the particular orientations
used in the test. Further increases in the magnetic field strength
resulted in A0 decreasing (see plots in Appendix 2). In eight of the
14 tests, the maximum of this secondary Ao peak was greater than five
degrees. This maximum A6 generally was found at test field strengths
between 5,000 and 8,000 gamma.

4.2.2 Response Time

Using data from six of the trials on the Braincon current meter,
the time required for the reading to agree within 2 degrees of its
final reading is plotted in Figure 5. The response times are lower
than those found for the Aanderaa current meter (as shown in Figure 4).
In all of the trials considered, the longest time for agreement with
the final reading,to within 2°, was 40 seconds. The response times show
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‘Table 3

The 5 degree and 10 degree response fields of the Braincon current meter

a. zero tilt

Trial Time/ Variable Reference C.M. 5° 10°
No. Date Field Field Heading Response (Ky) Response(Ky)
1/1 1228/18 D- H+ 0 4.8 4,1
1/2 1538/18 D- B+ 0 5.0 4.1
1A/2 1600/18 D+ B+ 0 4.0 3.3
1/3 0909/19 D- B+ 0 3.9% 3.7
1/NW  0948/19 D- Ht+ 315 4. 2% 3.5
1/W  1040/19 D- B+ 270 2.8% 2.2
1/NE  1055/19 D- H+ 45 4.6 4.0
1/E 1110/19 D- o 90 3.8% 3.4
1/s 1124/19 D- B+ 180 9.9 7.3
3/1 0916/18 H+ D- 0 2.2% 1.6
3/2 0829/19 H+ D- 0 1.7% 1.2
4/1  1323/18 D- H+ 225 2.7% 2.0
4A/1 1355/18 D- H+ 135 2.,3% 1.9
4B/2  1429/18 D+ ' B+ 135 2.0% 1.7
Mean 3.8 3.2

* indicates that a secondary maximum of 5 degrees error or more occurs
at field strengths greater than the 5 degree response field. See
text for details.
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a slower decrease with increasing field strength; in fact, the data
suggests that the response time reaches a minimum at test fields of
6,000 gamma, which corresponds to the secondary maximum in Ae.

4.3 General Oceanics Current Meter

4.3.1 Direction Sensitivity

Using the manufacturer's calibrations, the General Oceanics current
meter indicated large direction errors even at the ambient horizontal
field strength in Ottawa (approximately 16,000 gamma); the measured
errors ranged from 18.0 to 49.7 degrees. As a result of these large
errors, the tilt sensor and each of the three Hall effect sensors were
recalibrated using the Geomagnetic Laboratory facilities. Applying
these calibration values rather than those of the manufacturer, the
indicated directions at the ambient horizontal field strength were re-
computed. As the direction errors, over a range of headings from -90
to 90 degrees, were between -2.1 and 2.3 degrees, our own calibrations
were judged to be adequate.

The indicated. directions were measured at four different horizontal
field strengths over a range of angles (see Figure 6). The results
indicate very large errors at low field strengths; the root mean square
error at 2,000 gamma was 35.1 degrees and at 3,000 gamma the error was
16.1 degrees. At 6,000 gamma, the root mean square error was 13.1
degrees, ranging from -0.4 degrees to -19.8 degrees. One contributing
factor to these large errors is the low resolution of the Hall effect sensors;
our calibration data indicate that a change of one bit corresponds to a
change of 700 gamma in horizontal field strength. Therefore, at 2,000
gamma, the direction which is determined as arctan (Hy, Hx), where Hy
and Hx are the indicated y- and x- components of the horizontal magnetic
field strength, could be in error by as much as 20 degrees (e.g. take
actual Hx = 1051, actual Hy = 1749; indicated Hx = 1400, indicated Hy =
1400; from these values, the indicated direction would be 45° while the
actual direction is 31.0 degrees - a difference of 14 degrees). At
6,000 gamma field strength, the corresponding worst case error would be
+5 degrees, while at 16,000 gamma, the worst case error is reduced to
+1.8 degrees. While it seems likely that other factors contribute to
these large direction errors as well, the resolution of the Hall effect
sensors must be increased to provide reliable direction measurements in
the Canadian Arctic Archipelago.

Another problem which could produce appreciable errors is
uncertainty in the inclination of the instrument. While one of the
Hall effect sensors always remains level (the so-called y-component
which is perpendicular to the direction in which the instrument is free
to tilt), the other two sensors tilt according to the inclination of the
instrument. To find the x-component necessary for computing the
instrument heading and thereby the current direction, the readings from
these two sensors are combined using the relation

Hx = (C3.HH + C5) Cos @ + (C3.HV + Cy)-Sin @
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where @ is the angle of tilt from the vertical, HH and HV are the

digital outputs from two Hall effect sensors which are directed in the
+x direction and -Z direction, respectively, when the instrument is level
and C;, Cy, C3 and C, are calibration constants. The largest errors will
arise when the instrument's heading is perpendicular to the earth's
magnetic field, i.e. when the currents are directed towards magnetic east
or magnetic west. With such a current at a horizontal field strength of
3,000 gamma, the direction error resulting from an error of +0.5 degree
(manufacturer's specification) in tilt would be +9.4 degrees. The
corresponding errors at 2,000 gamma, 6,000 gamma and 16,000 gamma are
+47, +14 and 1.8 degrees, respectively. Clearly, at low horizontal
magnetic fields, the tilt accuracy of the instruments limits the
reliability of direction data.

4,3.2 Response Time

The response of this current meter to abrupt changes in the applied
horizontal magnetic fields or in the heading of the instrument appears
to be very fast. In fact, the response is fast enough that no
quantitative estimates could be made of the response time other than to
say it is certainly less than 10 seconds.

5. Discussion

The direction sensitivity of the Aanderaa and Braincon current meters
varies significantly both with time and with orientation of the instruments
relative to the applied magnetic field direction. The causes of these
variations are not clear; one possibility is that extraneous horizontal
magnetic fields are present which are not allowed for in these tests.

In order to estimate the strength of such an extraneous magnetic field,
consider the difference in the measured 5 degree response field of the
Aanderaa current meter for two cases of trial 1 : 3,000 gamma at 16:32 EST,
April 14 and 1,700 gamma at 15:16, April 16. This difference could be _
explained by the presence of an additional magnetic field with a component of
130 gamma directed perpendicular to the variable field direction in the
earlier case. These additional magnetic fields could originate internally
within the instrument being tested, or externally. We shall consider the
latter possibility first.

Unaccounted-for magnetic fields of external origin could be caused by
temporal changes in the geomagnetic field; however, the Helmholtz coils
have circuitry which compensates for such changes. Direct measurements of
the remnant magnetic field, when the Helmholtz coils were set to cancel the
geomagnetic field, showed that the remaining magnetic field strength was
always less than 100 gamma.

An extraneous magnetic field could arise from a slight difference between
the plane in which the compass magnet rotates and the plane that is perpendicular
to the ambient Z field when the horizontal geomagnetic field is exactly
cancelled. Interestingly enough, both of these planes could deviate slightly
from a true horizontal plane, defined with reference to a geopotential level;
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a deviation of the former plane from the true horizontal would be due to

slight imbalance of the compass needle, and a deviation of the latter plane

could be caused by a misalignment of the Helmholtz coils with true horizontal

and vertical planes. Any difference between the plane of the compass magnet
movements and the plane perpendicular to the Z field would amount to an extraneous
magnetic field resulting in direction errors, although this hypothesis does

not explain changes in direction errors with time.

Keenan (1976) has studied the magnetic fields generated internally by the
Aanderaa current meter. From tests conducted on 40 Aanderaa instruments at
the Bedford Institute of Oceanography, using the ambient geomagnetic field
(horizontal component of 17,400 gamma), he identified three major sources of
error in the direction :

1. "The error due to the field about a magnetized pressure case
range in magnitude from zero to 11.6 degrees peak-to-peak."
(Mean peak-to-peak error was 2.8 degrees).

2. "The error due to the field about the energized encoder
magnet varied from 2.8 to 11.7 degrees peak-to-peak."
(Mean peak-to-peak error was 5.8 degrees).

3. "The error due to the field about the rotor and follower
magnets had a magnitude of from 1.8 to 5.4 degrees peak-
to-peak." :

(Mean peak-to-peak error was 3.8 degrees).

Given the magnitude of these reported errors, they may be very important in
explaining the direction errors reported in this report. For example, an

11 degree peak-to-peak direction error at 17,400 gamma is equivalent to an
internal magnetic field strength of 1,675 gamma. In a horizontal magnetic
field of 3,000 gamma, the direction error would be increased to an amplitude
of 29 degrees, or a peak-to-peak value of 58 degrees.

In our tests on the Aanderaa current meter, the effect of errors due to
magnetization of the pressure case was tested in one trial only. For trial
AA-1/3, with the pressure case removed and the measurements repeated, no
significant change was found in the 5 degree response field strength.
Keenan (1976) points out that this error can be "drastically reduced" by de-
magnetizing the pressure case before use. '

The second error arises when the encoder magnet is energized to set a
'1' bit to a '0' bit as the mechanical encoder produces a 10-bit data word
prior to recording. The largest errors from this effect are due to the most
recent activations of the encoder-magnet before the compass is locked for the
direction reading. In the Aanderaa current meter, the largest errors will be
due to the occurrence of 'O's in the pressure word (which immediately precedes
the direction word) and, in particular, larger errors will arise from pressure
word bits which are less significant in value. Throughout the tests on the
Aanderaa current meter, the pressure reading was 54 decimal or 0000110110
binary. Thus, a moderate and constant error from the encoder-magnet is expected.
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The size of the third Aanderaa direction error, listed above, due to the
rotor and follower magnets, depends: on the orientation of these magnets.
From one trial to another, this orientation would change and, therefore, the
direction errors due to this effect would vary as well. (In actual operation,
this error is reduced because these magnets are in motion and the compass
magnet is unable to follow these changes.)

The errors due to pressure case magnetization and encoder magnet
activation should be fixed in relation to the heading of the Aanderaa current
meter. For the encoder magnet error, Keenan's (1976) results indicate that
the direction error varies sinusoidally over the full range (0-360 degrees)
of directions, with the maximum occurring at zero degrees. To check for a
similar pattern of direction errors in our results, direction errors
measured at 3,000 gamma horizontal field strength were plotted as a function of
true indicated direction for all of the Aanderaa tests as shown in Figure 7.
The results, whilst not conclusive, do suggest that the largest positive
errors occur near zero degrees direction and the Targest negative direction
errors near 180 degrees direction. A visual fit of these direction errors
to a sinusoidal variation with direction suggests a peak-to-peak error of
approximately 8 degrees. The equivalent data from Barfoot's (1972) study
shows a positive direction error is found at zero degrees and a negative
direction error at 215 degrees. ‘The peak-to-peak error for this data set
appears to be approximately 20 degrees.

One of the most remarkable results of Keenan's (1976) work is the
differences in the direction errors among the forty-odd Aanderaa current
meters tested. This makes the discrepancy between the results of Barfoot
(1972) and the present study appear more reasonable. As well, the test
procedures may have differed in some significant way between the present study
and that of Barfoot. For example, the absence of a pressure sensor on the
Aanderaa instrument used in the earlier study, would suggest.
that the pressure word was always 0000000000 binary, which would result in the
maximum error from the encoder magnets. . Another possible difference in test
methods would.be the degree to which instruments were centered vertically with
respect to the artificial magnet fields.

Clearly, further tests are required to define the direction sensitivity
of Aanderaa current meters, using additional Aanderaa meters. As well, better
test procedures are required to separate the different possible internal errors.
The possibility of modifying the Aanderaa current meter to reduce the effect
of these errors should be considered; for example, Keenan (1976) suggests
that the encoder activation error can be substantially reduced by disabling the
pressure channel and wiring it to read all'ones',or by moving "the channel-
changer pin . . . to a point on the encoder cap rim 120° behind its normal
position"” so as to allow more time for the compass needle to return to its
former position before itis clamped for the direction reading.

Other sources of direction error will be encountered during the field
operation of current meters, which are not studied in this report. These
include magnetic fields associated with materials used in construction of the
mooring, such as steel wire rope. Al1 of our tests have been conducted with
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Figure 7: The relative direction errors of the Aanderaa current meters

measured in a 3000 gamma horizontal field plotted as a function
of the true instrument heading. The points labelled 'BAR'
are taken from the study of Barfoot(1972).
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a stationary current meter; additional errors can arise when the current
meter is subjected to linear or angular accelerations which occur on current
meters mounted on a sub-surface mooring. Another error to consider is the
temporal variations in the geomagnetic field, which become relatively targer
as one approaches the magnetic poles. In areas with a 3,000 gamma horigonta]
geomagnetic field strength, the mean daily range of magnetic variation is
approximately 9 degrees while in regions of 6,000 gamma field strength, the
corresponding mean daily range of magnetic variation is 4 degrees (Canadian
Hydrographic Service, 1975). During magnetically-disturbed days, the daily
range in magnetic variation may triple.

6. Summary and Conclusions

Laboratory tests of the directional sensitivity of three current meters,
the Aanderaa RCM-4, the Braincon type 381 and the General Oceanics Model 6011
were conducted in horizontal magnetic fields ranging from 250 to 16,000 gamma.
The Aanderaa current meter performed best in low magnetic fields with the
average horizontal magnetic field strength necessary to produce agreement in
direction to within 5 degrees being 2,500 gamma, ranging from 700 to 4,400
gamma. Measurements on the Braincon current meter showed the average 5 degree
response magnetic field is 3,800 gamma, ranging from a minimum of 1,700 gamma to
a maximum of 9,900 gamma. The General Oceanics current meter was less reliable
in direction measurements at Tow magnetic field strength, with errors of typically
about 16 degrees in fields of 3,000 gamma and about 13 degrees in fields of
6,000 gamma. For use in Polar regions, the least bit resolution of this
instrument must be increased from its preséent value of 700 gamma per bit.
In addition, at low magnitude fields, the accuracy of direction measurements
of the General Oceanics meter depends on measurements of the instrument's
inclination being accurate to within a few tenths of a degree.

The time for the current meters to agree within 2 degrees of their final
direction-reading is largest for the Aanderaa meter (about 32 secs at 3,000
gamma) , smallest for the General Oceanics meter (less than 10 seconds at any
field strength tested), while the Braincon meter has an intermediate value of
approximately 25 seconds at 3,000 gamma field strength.

In view of the discrepancy between the results of the present study and
those of Barfoot (1972) as to the directional sensitivity of the Aanderaa
current meter, we suggest that further tests be made using additonal Aanderaa
current meters. These tests should attempt to isolate errors due to internal
magnetic fields of the Aanderaa meters reported in Keenan (1976).
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JIRECTION THRESHOLD TEST OF AANDERAA

TIME: 09:44 APR.1491977 TRIAL NAME:AA-1/1
VAR. FIELD: D= REF+ FIELD: H&
CM HEADING; 0 UEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG. FIgLU DIRe ERROR
(MA) (K=GAMMA) (DEGREES)
62 24 -19.4
12e0 4G -13.7
188 o 74 =123
2506 '99 -803
500 1.9 =l et
758 2497 =35
758 2497 -3e2

1013 3497 =25
1267 v 4,90 =18
1520 5,95 =1+4
177'5 6.9"" -l'q
202'6 7094’ -1.1
2279 £.93 -1e1
eBBed 9.9¢ -e7
2787 106,92 -7
304U 11.91 -
3304 14,90 -l

5073 19.87 «0

WVIRECTION THRESHOLD TEST OF AANDERAA

TIME: 16132 APR.1401977 TRIAL NAME:AA=-1/2
VAR. FIELD: D- REF« FIELD: H&
CM HEADING: 0 LEGRELS TILT AMGLE: 0 DEGREES

CURRENT MAGe FIlELU DIR. ERROR
(MA) (h=GAMWMA) (DEGREES)
251 + 90 157
253 « 99 13.7
SOOb 1.9{) 707
755 2.90 449
759 2497 4.9

120648 4,97 2eH
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UIRECTION THRESHOLD TEST OF AANDERAA

TIMES 15:16 APR.1601977 TRIAL NAME:AA-1/3
VAR. FIELDL: D= REF. FiELD: H&
CM HEADING: 0 LEGREES TILT ANGLE: O DEGREES

CURRENT MAG. FIELD DIRs ERROR
(MA) (K=GAMMA) (DEGKEES)
761 2496 1.8

152.0 595 1.1

VIRECTION THRESHOLD TEST OF AANDERAA
TIME: 14304 APR.14,1977 TRIAL NAME:AA-2/1

VAR. FIELD: H=- KEF« FIELD: Hi
CM HEADING: 0 DEGREES TILT ANGLE: O UEGREES

CURKENT MAG. FIELD OIR. ERROK

(MA) (k=GAMMA) (DEGREES)
13.1 +2U =24 43
2602 1.0u -13.7
H52.2 1,99 =77
785 S3.0U =5.3
104.7 qodU =39
129.9 4,90 =32
157'9 6.03 "2-].
209@4 (‘3.0U -lod
dudod 10,04 : =14
399,7 1.7 -

225.1 20,00 U
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DIRECTION THRESHOLD TEST OF AANDERAA

TIMES 14355 APR«14+1977 TRIAL NAME:AA=3/1
VAR. FIELD: H& REF« FLELD: D=
CM HEADING: 0 UEGREES TILT ANGLE: O DEGREES

CURRENT MAGe FIELUDL DIRe ERKOR
(MA) (K=GAMMA) (DEGREES)
o0 «0U 1274
13.1 «HU 672
259 « 99 LG22
51le4 1.906 15.1
78¢5 3.00 Belt
10400 3.97 Seb
132.8 5.07 3¢9
15647 5.99 3.2
2104 5404 cel
26101 9.9& 10‘4
39545 15411 oY
231 : 19,99 «0

JIRECTION THRESHOLD TEST OF AANDERAA

TIME: 09:36 APR.209r1977 TRIAL NAME;AA=3/2
VAR. FIELD: H& REF. FLELD: D=
CM HEADINGS 0 UEGREES  TILT ANGLE: O DEGREES

CURRENT MAG. FIELL DIR. ERROR
(MA) (K=GAMMA ) (DEGKEES)
Z6'7 lon— 3804
507 1.94 8.8
789 3.01 56

1U03s0 3.90 - 3eb
15745 6e0c 1.8
21262 8eli 1.1
d()l'l 9.9(5 07
315.1 12,04 o0
3074 14.04 o4

418406 15.99 «0
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VIRECTION THRESHOLD TEST OF AANDERAA

TIME: 17:00 APRe14+1977 TRIAL NAME:AA=4/1
VAR. FIELD: D~  REF. FIELD: H&
CM HEADING: 225 DEGREES  TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELU U1R. ERROR
{MA) (K=GAMMA) (DEGREES)
25.1 «90 ' =264
643 2.5 =84
755 290 ~6He3
8809 : 5."“3 -409

UIRECTION THRESHULD TEST OF AANUERAA

TIMES: 12:17 APR«z001977 TRIAL NAME:AA=U4/Z
VAR. FIELD: D= REF. FIELD: Hé&
CM HEADING: 225 LEGREES TILT ANGLE: U DEGREES

CURRENT MAGe FIELU UIRe ERROR
(MA) (K=GAMMA) (DEGREES)
254 « 99 -i4.1
bo.? 1099 -5-3
760 2490 -2e8

10103 \5097 -2l
15200 Sogb "'lul

2532 9,9¢ -7
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VIRECTION THRESHOLD TEST OF AANDERAA

TIMES 14339 APR«1691977 TRIAL NAMEIAA-5/1
VAR. FIELDS: D& REF« FLELD: Hé&
CM HEADING: 0 LEGRLES TILT ANGLE: 0 DEGREES

CURRENT MAGe FIELD DIRs ERRCR
(MA) (K=GAMMA) (DEGIREES)
35'5 -99 . "19.7
5007 1099 -600
753 2.95 =28

1004 3.95 =25
152.8 5,99 -1.1
5119 20,05 «0

VIRECTION THRESHULD TEST OF AANDERAA

TIME: 12:00 APKR.c09r1977 TRIAL NAME:AA=6/1

VAR. FIELD: H& REF. FLELD: D=

CM HEADING: 0 UEGREES TILT ANGLE: 0 DEGREES

CURRENT MAGe FIELU OlR. ERRCR
{MA) (K=GAMMA) (DEGKEES)
261 1.0u 8.8
H2e1 1.9y 3.2
TTe5 2¢9H ) 1.4

WUIKECTION THRESHULD TEST OF AANDEKAA

TIME: 11352 APR.2091977 ThIAL NAME:AA=7/1
VAR. FIELD? H- REF. FIELD: LR
CM HEADING: 0 LEGREES TILT ANGLE: O DEGREES

CUKRENT MAGs FIELUL DIRe ERROR
(Ma) (K=GAMMA) (DEGHREES)
262 1,00 =32

5243 2«00 =21
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VIRECTION THRESHOLD TEST OF AANDERAA

TIMES 12333 APR.2001977 TRIAL NAMEIAA-8/]
VAR. FIELD: D= - REF. FIELD: H&
CM HEADING: 135 DEGREES TILT AnNGLE: 0 DEGREES

CURRENT MAGe. FIELL DIRe ERROR
(MA) (K=GAMMA) (DEGREES)
253 99 =13.0
506 1.906 =70
761 2.9b ~4 e

1015 3497 =35
152.1 5.9 =-2.1
25343 9.9¢ -7

UIRECTION THRESHULD TEST OF AANDERAA

TIME: 12:49 APR.c0r1977 TRIAL NAMEIAA=9/1
VAR. FIELDS D= REF« FIELD? M-
CM HEADING: 135 UEGREES TILT ANGLE: O DEGREES

CURRENT MAGe FIELL DIRe ERROR
(MA) (K=GAMMA) (DEGREES)
50-3 1.97 -402
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UIRECTION THRESHOLD TEST OF AANDERAA

TIME:
VAR. FIELD:
CMm HEADING

=

CURRENT
(MA)
76el

152.0

15323 APR.1601977

REF »
0 DEGREES

Fl

“MAG FIELL}
(K~GAMMA)
2.90

5,95

TRIAL NAME:AA-1/T5

ELD: H&

TILT ANGLE: 5

DIR« ERROR
(DEGHEES)
248

1'1

VIRECTION THRESHOLD TEST OF AANDERAA

TIME:
VAR
Cm

FIELDS
HEADING:

He=

CURRENT
(MA)
7865

15647

UVIRECTION THRESHOLD TEST OF

TImE s
VI\R O
M

FIELDS
HEADING:

D&

CURRENT
(MA)
254
0.0
759
101.3
1512

16:01 APR.1691977

REF «
0 UEGREES

Fl

MAG. F1 ELU
(K=GAMMA)
3.00

5,99

15132 APR.1691977

DEGREES

TRIAL NAMEIAA=2/T10

ELD: H&
TILT ANGLE: 10

DIR. ERROR
(DEGREES)
"9-2

-39

AANDERAA

DLGREES

TitIAL NAME:AA=S5/T1

REF. FIELD: H&
0 UEGREES TILT ANGLE: 5
MAGe FIELUL DIRe ERROR
(K=GAMMA) (DEGKEES)
«99 ~19.0
1.96 ~6He/
a.97 -3.5
3.97 T lelt
9.9¢ -7

UEGREES
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UIRECTION THRESHULD TEST OF AANDEKRAA

TIME? 15:50 APR.16+1977

VAK. FIELD: D&
CM HEAUDING?

CURRENT
(MA)
H0e0

1014
151.2

0 UEGRELS
MAGe FIELL
(K=GaMvA})
1,95
3.97
5.9¢

TRIAL NAME{AA=5/T10
REF. FLELD:
TILT ANGLE: 10

Hé&

DIRe ERROR
(VEGREES)
4e2

1e8

1.1

VIRECTION THRESHOLD TEST OF AANDERAA

TIME: 11:22 APR.20r1977

VAR. FIELD: H&
CM HEADING?S

CUKRENT
{MA)
262
523
78+1
130.6
20le0

MAGe FLELD

(K=GAMMA)
1,0u
2,00
.90
4.9y

10,00

TILT ANGLE:

TRIAL NAME:AA=6K/TS
REF. FLELD:
0 LEGRELS

D&

JIRe ZRROR
(DEGREES)
o0

1.1

lels

1.4

.L+

DEGREES

5 JEGREES
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UIRECTION THRESHULD TEST OF AANDERAA

TIME: 10:20 APR.2091977 TRIAL NAMEIAA=6/T10
VAR. FIELD: H& REF. FIELD: L&
CM HEADING: U ULEGREES TILT ANGLE: 10 DEGREES

CURRENT MAGe FIELU LIRS LRROR
(MA) (K=GAMMA) (DEGREES)
20'1 1'UU -19.0
S2eb 2.01 =169
T8¢k 3.0uU =11.3

10408 4,0u =88
157.0 640U =T 7
2093 8400 =442
26146 10,00 =1l.4
31565 12,06 -l

UVIRECTION THRESHOLD TEST OF AAWUEKAA

TIME: 11:42 APR«2091977 TrIAL NAMEIAA=7/T5
VAR. FIELD: H= REF. FIELD: D&
CM HEADINGS 0 UEGREES TILT AriGLE: 5 DEGREES

CURRENT MAGe F1lELUL DIRs ERRCR
(MA) (K=GAMMA) (DEGREES)
2601 1.00 "2‘_0].
52.1 1.99 =18

7865 3.0U =14
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DIRECTION THRESHOLD TEST OF AANDERAA

TIME TRIAL NAME:BAR.AA=N
VAR, FIELD: H& REF. FIELD: D&
CM HEADING; 0 LEGREES TILT ANGLE: 0 DEGREES

CURRENT MAGe FIELUD DIR., ERROR
(MA) (K=GaMMA) (DEGREES)
127 Ly 637
1247 o 49 55.2
253 « 97 313
253 «97 28¢5
50.7 1.94 4.4
H0e7 1.94 14.1
7640 29U 8ol
76.0 2.90 8.“

1013 5.87 67
1013 3.87 7.0
12647 4,84 70
12647 4 .84 74
152.0 5,81 3.9
1520 5.81 4e2
1773 677 beo
1773 77 3.9
2U2¢0 Ts74 L4a.2
202606 TeTl 3.9
c28e0 B.71 ez
2280 8.71 4eH
2535 9,68 28
2933 9,68 25
278+0 10,65 1.8
278+ 10.65 1.1
304.0 11.62 o7
30440 11.62 oY
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VvIRECTION THRESHULD TEST OF AANDERAA

TIMES TRIAL HAME(BAR.AA=SW
VAR. FIELD: H« REF. FIELD: D&
CM HEADING: 225 DEGREES TILT AHNGLE: 0 DEGREES

CURRENT MAG. FIELU O1IR. ERROR
(MA) (K=GAMMA) (DEGKREES)
1207 HY -9306
127 49 =936
293 97 -45.1
2543 97 -45.1
5047 1.94 ~26.0
5007 1.9‘4 -25-7
7600 2490 =15.1
7640 €.90 -14.8

101.3 3.87 -10.6
12667 4,84 =77
12647 4,84 =83
15240 5,81 -7l
1b2OU b.81 -603
177u5 6077 -4-6
1773 Lel7 ] -6.0
2020 To74 =39
20246 TeT4 -3.9
228.0 8.71 =25
22840 B.71 ~2¢5
2535 9,68 -1.8
£55-5 9.66 ‘loq'
27846 10,065 =-1l.1
2780 10,65 =1let
3040 11.62 =-1.4

30440 11.62 -7
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UIRECTION THRESHULD TEST OF AANDERAA

TINMES TRIAL NAME:IBAR.AA-E
VAR. FIELU: H& REF+ FIELD: D&
CM HEADING: 90 DEGREES TILT ANGLE: 0 DEGREES

CURKRENT MAGe FIELL DIR. E£RROR
{(MA) (K=GAMMA) (DEGREES)
12-7 .49 -1200
12.7 49 =-13.7
253 97 =9.2
253 « 97 -8.8
507 1.94 -4.9
on7 1.94 -6
7640 2.9U =39
760 2,90 =3.5

1013 3.87 -1.8
1013 .87 =25
12647 4484 =1.8
ldbo? l+c34 =l.4
152.0 5,81 -le4
152.U 5.81 =-1l.4
1773 OL.T7 =18
17745 6.77 -1l.1
2020 Te74 -7
202.0 TeTl -1l.1
22840 8,71 » 0
22840 8.71 o 0
25343 9.60 «0
25343 9,608 « 0
2780 10.05 «0
27806 onbLJ -cl*
S04.0 11,.6¢ o li

Sub4.aU l1l.62 «0
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DIRECTION THRESHOLD TEST OF BRAINCON

TIME: 09:16 APR.1891977 TRIAL NAME:BR-3/1
VAR. FIELD: H& REF. FIELD: D-
CM HEADING: 0 DEGREES  TILT ANGLE: O DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
26.2 . 1.00 , 28.0
394 ~ 1.51 11.0
52.3 ' 2.00 7.0
7800 . 2.9(5 =1.0
78.3 . 2.99 .0
78.5 3.00 , 2.0

103.6 ‘ 3.90 h 0
13008 o 5-00 "2-0
156.,7 5.99 -5.0
157.2 6,01 =640
21003 ‘ 8004 . —400
26147 . 10,00 . =240
313'5 » 11098 . X -3-0
420 00 16070,5» ) 0

DIRECTION THRESHOLD TEST OF BRAINCON

TIME: 12:28 APR.1801977 TRIAL NAME:BR-1/1
VAR. FIELD: D- REF. FIELD: H&
CM HEADING: 0 DEGREES TILT ANGLE: O DEGREES

CURRENT MAGe FIELD DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
254 +99 -93.0
40.0 o 1,57 =61.0
50.6 1.98 -42.0
75.9 2|97 "2000
7601 2098 ‘20-0

101.1 3.96 -11.0
126.9 4.97 -4.0
151.“ 5.95 -1'0
202.9 7.95 2.0
253.8 9.94 1.0

3024 11.84 «0
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DIRECTION THRESHOLD TEST OF BRAINCON

TIME: 13:23 APR.18¢1977 TRIAL NAME:BR=4/1
VAR. FIELD: D- REF. FIELD: H&
CM HEADING: 225 UEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
253 «99 -30.0
50.5 1098 -1000
75.7 2497 =3.0

101.3 3.97 2.0
151.1 5.92 5.0
202.6 7.94 3.0
25242 9.88 2.0
305.1 11.95 1.0

UVIRECTION THRESHOLD TEST OF BRAINCON

TIME: 13:55 APR.1891977 TRIAL NAME:BR=-4A/1
VAR. FIELD: D- REF. FIELD: H&
CM HEADING: 135 DEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) (K=-GAMMA) (DEGREES)
253 «99 -92.0
5008 1.99 -8-0
7641 2.98 1.0

101.2 3.96 k.0
152.0 5.95 8.0
202.7 7.94 6.0
253+5 9,93 4.0
304.0 11.91 2.0
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VIRECTION THRESHOLD TEST OF BRAINCON

TIME: 14:29 APR.1891977 TRIAL NAME:BR=-4B/2
VAR. FIELD: D& REF. FIELD: H&.
CM HEADING: 135 DEGREES. - TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
253 «99 25.0
50.1 14906 5.0
7601 " 2498 =2.0

153'5 6.01 "700
25’402 9,96 -2.0

QIRECTION THRESHOLD TEST OF BRAINCON

TIME: 14:54 APR.18¢1977 TRIAL NAME:BR-4B/T10
VAR. FIELD: D& "REF. FlELD: H&
CM HEADING: 135 DEGREES  TILT ANGLE: 10 DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
50.6 1.986 3.0
75.8 297 -3.0

101.3 597 -4.0
15200 5095 "700
20207 7.94 "400
25305 909& -1.0



- 48 -

VIRECTION THRESHOLD TEST OF BRAINCON

TIME: 15:38 APR.18¢1977 TRIAL NAME:BR=-1/2
VAR. FIELD: D- REF. FIELD: H& '
CM HEADING: 0 DEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) {(K=GAMMA) (DEGREES)
5045 1.98 -47.0
76.1 2.986 ~-21.0

101.3 3.97 -11.0
126.7 4,906 ~5+0
15200 5095 -100
253.8 9.94 2.0

OIRECTION THRESHOLD TEST OF BRAINCON

TIME: 16:00 APR.1891977 TRIAL NAME:BR=1A/2
VAR. FIELD: D& REF. FIELD: H&
CM HEADING: 0 DEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELD DIR., ERROR
(MA) (K=GAMMA) (DEGREES)
5065 1.98 29.0
76.1 2098 13.0

101.2 3.90 5.0
12606 4.96 -100
152.0 5,95 =20
2025 Te93 =20
25305 9.93 "'100

30309 11090 00



- 49 -

VIRECTION THRESHOLD TEST OF BRAINCON

TIME: 08329 APR.19+1977 TRIAL NAME:BR=3/2
VAR. FIELD: H& REF. FIELD: D-
CM HEADING: 0 DEGREES  TILT ANGLE: O DEGREES

CURRENT MAG. FIELU- DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
258 99 12.0
39.3 150 70
522 R 1.99 » 2.0
7807 3001 ‘200

10404 . ‘ ,3099 '5-0
130.9 5.00 =-7«0
15700 6000 -600
209t4 o 8-00 -4-0
26146 ' 10.00 =240
313.9 11.99 =2.0

DIRECTION THRESHOLD TEST OF BRAINCON

TIME: 09:09 APR.19+1977 ° TRIAL NAME:BR-1/3
VAR. FIELD: D- REF. FIELD: H&
CM HEADING: 0 DEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
50.6 1.98 ~-50.0
67.6 . 2.65 =33.0
7602 - 2.98 : -2600

101.2 3.96 =440
12607 H.96 -6.0
15109 5095 ’200

202.7 794 1
253.2 9.92 1
3052 11.95 1



- 50 -

VIRECTION THRESHOLD TEST OF BRAINCON

TIME: 09:48 APR.19,1977 TRIAL NAME: O0BR=1/NW
VAR. FIELD: D- REF. FIELD: H&
CM HEADING: 315 DEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELU DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
50-5 1098 -28-0
76.0 2.98 -14.0

101.4 3,97 =6.+0
126.0 4 .94 -2.0
152.,0 5.95 3.0
152.0 5.95 4.0
202.4 7.93 2.0
202.8 7.94 5.0
253 .4 9.93 ba0
303.9 11.90 0

DIRECTION THRESHOLD TEST OF BRAINCON

TIME: 10:40 APR.19¢1977 TRIAL NAME:BR=1/W
VAR. FIELD: D- REF. FIELD: H&
CM HEADING: 270 DEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) {(K=GAMMA) (DEGREES)
50.06 1.98 -12.0
76.1 2.98 -3.0

101.5 3.986 2.0

152.0 5.95 7.0



- 51 -

DIRECTION THRESHOLD TEST -OF BRAINCON

TIME: 10:55 APR.1901977 TRIAL NAME:BR-1/NE
VAR. FIELD: D= REF. FLELD: H&
CM HEADING: 45 DEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG«. FIELD DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
50.6 1.98 -50.0
76.0 2.98 =-20.0

101.3 . 3497 : -10.0
12607 q'ogb -200
151.9 . 5.95 2.0

DIRECTION THRESHOLD TEST OF BRAINCON

TIME: 11210 APR.19¢1977 TRIAL NAME:BR-1/E
VAR. FIELD: D- REF. FIELD: H&
CM HEADING: 90 DEGREES TILT ANGLE: 0 DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
50.5 1.98 =36.0
76.0 298 -14.0

101.3 3.97 =4,0

152.0 5.95 5.0



- 52 -

DIRECTION THRESHOLD TEST OF BRAINCON

TIME: 11:24 APR.19,1977 TRIAL NAME:BR-1/S
VAR. FIELD: D- REF. FIELD: H&
CM HEADING: 180 DEGREES TILT ANGLE: (0 DEGREES

CURRENT MAG. FIELD DIR. ERROR
(MA) (K=GAMMA) (DEGREES)
253 «99 -1.0
50.4 1.97 10.0
759 2.97 11.0

101.2 3.96 13.0
152.1 5,96 14.0
201.9 7.91 .

8
25343 9.92 5
40546 15.89 1
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