Journal of Research of the National Bureau of Standards—D. Radio Propagation

Vol. 64D, No. 1, January-February 1960

Basic Experimental Studies of the Magnetic Field from
Electromagnetic Sources Immersed in a Semi-Infinite

Conducting Medium

Martin B. Kraichman'?
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Using electromagnetic sources, consisting of various dipoles and loops immersed in a
concentrated sodium chloride solution, measurements were made verifying the magnetic
field propagation equations in air, derived previously by several authors. The receiver was
farther away from the source than a wavelength in the conducting medium, but much
closer than a wavelength in air.

An expression is derived giving the value of the magnetic field in air due to a rectangular
loop with a horizontal axis by assuming the loop to consist of two electric dipoles correspond-
ing to the horizontal members. Experimental data verifying this expression are presented.

Also, using submerged electriec dipoles, measurements were made of the magnetic field
in air which show that the field is determined solely by the current in the horizontal radiating

wires of the dipoles.

1. Introduction

The purpose of the experimental work reported
herein 1s to afford a better understanding of the
electromagnetic propagation phenomena involved
in radiation from sources immersed in a conducting
medium.

Theoretical treatments of the propagation prob-
lem have been given by several authors, Tai [1],?
Moore 2], Von Aulock [3 [3], Wait [4], Wait and Camp-
bell [o], Lien [6], and Baiios and “'eslcy [7]. The
important propagation path was shown to occur
mainly through the air above the interface. The
field along the direct path through the conducting
medium, from source to receiver, suffered an ex-
ponential attenuation with the distance and was,
therefore, negligible for all but very short distances.

2. Scope of Work

The experimental work undertaken at the U.S.
Naval Ordnance Laboratory (NOL) consisted in
checking the magnetic field propagation equations
in air for the horizontal range, where the receiver is
farther away from the source ‘than a wavelength in
the conducting medium, but much closer than a
wavelength in air. Also, experiments were per-
formed to determine the localization of the field
source; 1.e., whether the currents in the dipole could

1 U.S. Naval Ordnance Laboratory, White Oak, Silver Spring, Md.
2 Figures in brackets indicate the literature references at the end of this paper.
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be considered as the sole contributors or whether
currents in the conducting medium must also be
considered in any discussion of the field.

3. Theory

In attempting to verify the propagation equations,
it was decided to measure the magnetic field com-
ponents using a shielded loop. This avoids ground-
g difficulties inherent in the use of an electric
antenna. Also, because of the continuity of the
magnetic field between air and salt water, measure-
ments made at the surface in air will be valid just
below the surface in the conducting medium.

The magnetic field propagation equations for a
submerged dipole are given below in cylindrical
coordinates using the notation of Bafos and Wesley
[7]. The ecylindrical coordinate system and the
position of the dipole are shown in figure 1. It is
understood that the time factor e=*¢’ is to be applied
to all field components.
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Ficure 1. Submerged dipole referred to cylindrical coordinale
system.
where

w=angular frequency,
po=permeability of free space,
e =permittivity of free space,
g=conductivity of medium 1 (salt solution),
K,=propagation constant for plane homo-
geneous waves in medium 1, Ki~
'iw“OGy
K,=propagation constant for plane homo-
geneous waves in medium 2 (air),
Kggw/-‘OfO)
I=dipole current,
[=dipole length,
p
L

} =-cylindrical coordinates,

(]

h=depth of dipole source.

If a traverse is made parallel to the z-axis with
the radiating dipole positioned along the axis, a null
is found for Hy,. For each traverse the null lies
along a line making an angle of approximately 35°
with the z-axis. This may be derived from the prop-
agation equations as follows:

Hy=Hp sin ¢-+H¢ cos ¢. For Hy=0,

Hp sin ¢=—Ho cos ¢.
Using expressions for /Hp and He from eq (1) and (2),
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Thus ¢=tan~ =~ 35964 (4)

lv\

V-

“In order to verify the absolute value of the field
given by eq (1), the expression for the radial com-

?Ollllen't must be modified for calculation in the
ollowing way.
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The bracketed quantity in eq (5) gives the modulus
of the radial magnetic field in air.

Equation (3) may be modified in a similar manner
to yield an expression for the vertical magnetic field
component.
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The bracketed quantity in eq (7) gives the modulus
of the vertical component of the magnetic field in air.

In calculating the magnetic field due to a rectan-
gular loop with a horizontal axis, the loop may be
considered as being composed of horizontal and ver-
tical electric dipoles of length corresponding to the
horizontal and vertical members of the loop, re-
spectively.



It has been shown by Von Aulock [3] that the
magnetic field due to a vertical dipole attenuates
exponentially with the distance from the surface
above the dipole to the point of observation in the
conducting medium. This results in a negligible
contribution for any reasonable distance of observa-
tion from the dipole. Furthermore, the boundary
conditions require that the magnetic field be con-
tinuous across the surface of the conducting medium.
Thus, if measurements are made above the surface
of the conducting medium. there should be no con-
tribution to the field in air due to a vertical dipole.
The field due to the rectangular loop may then be
calculated on the basis of two horizontal members
through which the excitation current is oppositely
directed.

Considering the radial field, we get from eq (5)
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Combining eq (9) and (10)
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The expression for the field of a rectangular loop
given by eq (11) agrees with the integrated expres-
sion given by Von Aulock [3] for the field of a small
coil with a horizontal axis.

4. Experimental Facilities

Rather than attempt a full scale verification of the
propagation equations at sea, a reduced scale tech-
nique was adopted. This was done for a number
of reasons. First, the cost of such an operation
would be reduced considerably. Second, a land
facility would permit wider exploration of experi-
mental variables under more controlled conditions.
Third, a facility on the base could readily be used
for future investigations.

After balancing cost factors against convenience,
the facility constructed consisted of an excavation
20 by 40 ft at the surface, 8-ft deep, with sides
sloping at an angle of 45°. The sides and bottom
were waterproofed with tar-impregnated felt.

A frequency of approximately 300 ke was chosen.
This gave a wavelength of about 4 ft in a 20 mho/m
solution. The pool dimensions in terms of water
wavelengths then became 10 wavelengths long by 5
wavelengths wide.The 8-ft depth permitted simula-
tion of an infinite medium for all practical purposes
since the placement of a source at a 4-ft depth
removed it a distance of one wavelength from all
interfaces with an accompanying attenuation of
approximately 55 db.

The sides of the pool were lined at the top with
1-ft wide strips of copper sheeting which were
grounded in order to provide continuity between the
conducting medium and ground. A satisfactory
ground was attained by connecting the sheeting by
means of braid to copper rods driven into the earth.

The pool was then filled with a 26 percent solution
of sodium chloride giving a conductivity of approxi-
mately 20 mho/m for a temperature of 20° C.

A General Electric Navy Model TCU-2 trans-
mitter fed the dipole and was operated at 296-ke
continuous wave. The transmitter was placed in a
double wall screen room located 35 ft from the
dipole. To match the 100-ohm transmitter output
to the approximately 1-ohm dipole, a transformer
with an 11-to-1 turns ratio was used. The lead to
the dipole consisted of 95-ohm twinax cable, RG
22/U, with shield grounded, encased in a copper
tube which was buried in the earth and which lead
directly into the conducting medium. The twinax
cable in the conducting medium was connected to
the transformer housed in a brass can which was
supported at a height of 4 ft above the bottom of the
pool. Electric dipoles consisting of insulated wire
with silver-plated steel ball terminations were used.
Dipole current was measured with a calibrated
vacuum thermocouple housed in the brass canand
connected in the secondary ecircuit. Single turn
rectangular loops of insulated wire were also used
as radiation sources. Magnetic field intensity was
measured in air with a Radio Test Set AN/PRM-1.

5. Results

The dipoles and loops used as radiating sources
are listed below. After a description of eachsource
are listed the depth of immersion, the current fed to
the source, the conductivity of the dissipative
medium, and the component of magnetic field
measured.

A. Horizontal 4-in. dipole; h=2} in.; /=3.77 amp;
c=18.2 mho/m; measured Hp.

B. Horizontal 4-in. dipole; h=2% in.; [=3.77 amp;
o0=18.2 mho/m; measured /¢.

C. Horizontal 4-in. dipole; h=6% in.; /=3.77 amp;
o=18.2 mho/m; measured Hp.

D. Horizontal 4-ft dipole; A=2¥% in.; 7=1.03 amp;
o=17.9 mho/m; measured Hp.

E. Horizontal 4-ft dipole; A=38% in.; I=1.26 amp;
o=16.1 mho/m; measured Hp.

F. Horizontal 3-ft dipole; h=4 in.; Z=33% in.;
I=1.10 amp; ¢0=18.2 mho/m; measured Hz.
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Single turn 4-in. square loop with axis horizontal;
h=21in.; h’=6 in.; [=3.77 amp; ¢=18.2 mho/m
measured Hp.

. Single turn 4-ft by 3-ft loop with horizontal axis
(4-ft top and bottom members); A=2 in.; h’=38
in.; /=1.03 amp; ¢=16.1 mho/m measured Hp.

I. U-Shape 4-in. square dipole; h=6% in.; I=3.77

amp; ¢=18.2 mho/m; measured Hp.

All measurements with the above sources were
made at a frequency of 296 ke.

Measured data are given in table 1 for the various
sources. These data are compared in table 2, which
shows the fall off and the experimental and calculated
field values at 15 ft from each source. The calcu-
lated values were obtained by substitution into the
appropriate eq (5), (7), or (11).

TaBLE 1. Measured magnetic field data using various radiating sources
Measured magnetie field intensity in amp/m X} 10°
Distance from dipole in feet
A B @ D E F G H I
9 54. 9 28. 1 33.5 |________ 3.95 | _______ 30.1 | _______ 33. 4
Wil 30. 8 16. 3 20.4 |____:___ 2. 41 40. 1 18.1 | __ 20. 4
18 . 21. 6 9. 37 13. 4 70. 2 1. 55 22. 1 11. 5 83. 6 12. 8
15 . 14. 7 6. 82 8. 70 47.5 1. 07 13. 4 7.63 55. 0 8. 69
17 10. 0 5. 08 6. 15 34. 8 0. 682 9. 03 5. 55 40. 1 6. 02
19 _ L ___ 6. 89 3975 4. 48 25. 4 482 6. 02 4. 01 31. 4 4. 35
21 o _____ 5. 49 2. 54 3. 41 19. 4 335 4. 01 3. 01 22. 7 3. 41
23 .. 4. 35 2. 41 2. 54 14. 7 241 3. 01 2. 34 17. 4 2. 52
25 o _____ 3. 55 1. 91 2N 7 11. 7 174 2. 17 1. 87 13. 4 2. 01
27D 2. 51 1. 51 1. 61 890 (________ 1. 67 1. 61 10. 7 1. 58
29 ~ 2. 14 1. 20 1. 34 GRS 28| SR 1. 27 1. 20 8. 56 1. 32
|
Tasre 2. Comparison of magnetic field data from various 80
radiating sources
Hp (SOURCE A)
5\ P,
Measured Calculated
Source Measured | field at 15 field at 15
fall off ft ) ft )
amp/m X 10°amp/m X 10° = 70 \
o
Ao 2.9 14. 7 153 | 5
B 3.1 6. 82 7.65 | 2
C— - 3.0 8. 70 9.59 | £
Do 3.0 47.5 50.7 | 2
E ____ 3.3 L.07 1.03 | 560
\ w
Fo__ [ 3.9 13. 4 10. 2 w
G 3.0 7. 63 820 | ©
H 3.0 55. 0 5.9 | k
I | 3.0 8. 69 9.37 | =z Hgb, (SOURCE B)
2 2
= 50 —X
The data from sources A and B are plotted in \Cx
figure 2. This plot shows the inverse cube fall off
for Hp, and.H¢2 and the 6-db factor between them.
An examination of the results given in table 2
shows good agreement with theory both with respect 40
to fall off and absolute value. All experimental field 7 8 9 10 i5 20 25 T30 40
values except those from source /' were within 1 db DISTANCE FROM DIPOLE, fi
of the calculated values. The field value from source | Fiqure 2. Fall off of horizontal magnetic field components.

F was within 2.4 db of the calculated value.

The nulls of figure 3 were found to occur at 35°32’
for the 20-ft traverse and 37°11’ for the 55-ft traverse,
thus verifying eq (4).

From the experimental and calculated results pre-
sented, it appears that the field is determined solely
by the current in the horizontal radiating wires of
the dipole or loop. Since this conclusion is not par-
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Reference level: 9.65 X 10-% amp/m

ticularly obvious, the following experiment was per-
formed to more clearly determine whether or not this
was actually the case.

Sources A, C, and I were placed below the surface
of the conducting medium as shown in figure 4, and
the field radiated trom each was measured. The
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results given in tables 1 and 2 show that source I
was equivalent to source €' and not to source A.
Thus, the currents in the horizontal wires of the
dipoles determine the value of the radiated field.

6. Conclusions

On the basis of the experimental results described,
the following conclusions may be drawn:

(a) The magnetic field propagation eq (1), (2), and
(3), for the range therein stated, are valid.

(b) For calculating the magnetic field of a dipole
using these equations, the current moment may be
considered as due only to the currents in the hori-
zontal wires forming the dipole.

(c) Calculations for a rectangular loop with hori-
zontal axis may be made on the basis of the loop con-
sisting of two horizontal dipoles carrying current in
opposite directions and properly phased according
to depth in the conducting medium.
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