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INFRASONIC AND LOW-AUDIO-FREQUENCY RANGE
(USRD Type J13 TRANSDUCER)

Introduction

About twenty years ago, the Underwater Sound Reference Division
developed the First in a series of broadband, electrodynamically driven
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sound sources for the audio-freguency range, the USRD type J9 transducer,
which was intended primarily for use as a calibration source. Within
less than ten years after the J9 was introduced, the requirements for a
more powerful sound projector prompted development of a somewhat larger
transducer designated USRD type J11. Ever since the time they were
developed, both of these transducers have been used extensively in
laboratory and ocean applications.

Growing interest in at-sea calibration during the late 1960's and
early 1970's stimulated development of the USRD type J13 infrasonic and
low-audio frequency transducer, which is capable of radiating more power
at lower frequencieg than either of the two predecessors. Although the
designs of the J9, J11, and Jl13 transducers are based on the same oper-
ating principles, unique features of the J13 provide significantly
greater power and adaptability. The three transducers are compared
briefly in Fig. 1 and Table 1.

1m

Fig. 1. USRD electrodynamic transducers types J9,
J11, and J13 (left to right).




Table 1. Some operating characteristics of USRD trans-
ducers types J9, Jl1, and J13. '

USRD Freqg Max electr Max acoust Weight
transducer rande  input power output power in air
type {kHz) (W) (W) (kg}
J9 G.04-20 20 0.013 9
Jit 0.02-12 200 0.269 46
J13 0.01-3 250 1,349 55

Design Considerations
the primary design goals for the J13 transducer were:

a. Maximum useful bandwidth in the infrasonic and low-audio
frequency range.

b. Maximum acoustic output for the smallest possible size and
lightest weight,
The parameters affecting these goals are best understood by inspection

of the fundamental equations for an electrodynamically driven piston at
the end of a long tube.

The bandwidth in which the transducer may provide a flat response is
bounded on the low end by the frequency w_ at which the total mass M&
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wy = (l/CTMT) . {1}
The upper limit of this band is that freguency above which the diaphragm
no longer wmoves as a piston; that is, the phase across the diaphragm face
is no longer constant. This frequency is a function of the geometrical
shape and dimensions of the diaphragm and of the material from which it
is made.

Equations describing the output acoustic pressure from a circular
piston at the end of a long tube in terms of electrical input parameters
and as a function of freguency have been developed by Sims and others
f1,2,31. PFor a piston operating above the resonance frequency W the

transmitting current response measured at a distance of one meter may be
represented by

]%
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where p is the acoustic pressure at one meter, i is the driving current,
B is the flux density in the gap of the magnet, £ is the length of the
conducting coil interacting with B, Po is the density of water, c, 1s the

speed of sound in water, R, is the directivity factor, RR is the series

0
radiation resistance, w is the angular frequency, Md is the mass of the

diaphragm, and XR is the series radiation reactance.
Equation {2) may be rewritten as the acoustic pressure at one meter:

Po%ReRr Ti

{3)
2
+ XR) ]J

p = BLi

2
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Relative effects of the design parameters become evident upon inspec-
tion of the preceding equations: bandwidth can be increased by reducing
the resonance fregquency and increasing the stiffness-to-mass ratio of
the diaphragm; the acoustic output can be increased by increasing the
force factor Bli and decreasing the total effective mass. It is readily
apparent that some of these requirements are contradictory: the first
goal suggests that the total mass be increased, but the second goal
requires that the mass be decreased.

The flux density in the gap of the magnet is determined primarily by
the type of magnetic material used and the ratio of its volume to that

aof the gan The maximum lanath of coil conductor (more correckly the
or gap. aximum L coxrl r (r tly
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maximum preduct of 2 and i) is limited by the volume of the gap and the
maximum allowable input electrical power, which is largely controlied
by the rate of heat dissipation from the driving coil.

The total mass is comprised of the diaphragm mass and the mass
reactance duvue to the water load, the latter being a function of the
diaphragm radius a and the medium; therefore, a large portion of the
total mass (in many cases the largest portion) is fixed when the diaphragm
radius is chosen and becomes unavailable as a parameter to be compromised
by design.

For a source whose size is small in comparison with a wavelength in
the propagating medium, it can be shown that the radiated acoustic power
is determined by the radiation resistance acting on, and the volume
velocity generated by, the source [4]. Radiation resistance, like radia-
tion reactance, depends upon the diaphragm radius and the medium, and it
is also directly proportional to the square of the frequency; therefore,
to maintain a constant output with decreasing frequency, the volume
velocity must increase at the same rate that the radiation resistance
decreases. From the definition of volume velocity as the product of the
radijator surface area and the velocity of that surface, it is seen that
the surface displacement is inversely proportional to the square of the
frequency and that there is a minimum frequency at which the maximum
acoustic output occurs. This frequency is determined by the maximum
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allowable displacement of the diaphragm and is computed from
w = 2(pr/£pa)%/a, (4

where p is the sound pressure measured at distance r when using maximom —
electrical input, and £ is the maximum allowable root mean sguare dis-—
placement of a diaphragm whose radius is a. At lower frequencies, the
sound pressure generated is proportional to the radiation resistance and
is, therefore, decreasing at 12 @B per actave.

Opposing requirements are also found at the periphery of the piston.
The high radiation impedance of the medium acting on the piston requires
maintaining high acoustic impedance in the vicinity of the diaphragm;
any areas of low acoustic impedance permit power to be “shunted" past the
piston. Thus, the piston suspension must be mechanically compliant to

TVlrer Fmre Towe miokan Al Tama_
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ment, but must present a high acoustic impedance to the surrounding medium.

A further design congideration related to the resonance freguency and,
therefore, to the output at low freguencies, is the depth-compensation or
pressure-release system. A most effective pressure release for highly
compliant gystems is provided by a gas compensation system; however, such
systems are prone to performance problems. In Eg. (1) the total mass MT

is the sum of the diaphragm mass and the mass reactance of the water load,

s of the di
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phragm suspensicon and the volumes contained in the compensation system.
The diaphragm mass, radiation mass, and suspension compliance are all
independent of the ambient hydrostatic pressure. If it is assumed that
there is a rigid-walled chamber behind the piston, however, the compliance
of the gas system is given by

2
¢ = p ¥, /1P, (5)

where pa and VG are the initial gas pregsure and volume, respectively,

v is the ratio of the specific heats of the gas at the two pressures,

and p is the pressure at the operating depth. Eguations {1} and {5} show
that the resonance freguency is proportional to depth; this effect can be
minimized for a given maximum operating depth, but it cannot be eliminated.

The maximum operating depth attainable with this type of compensation
is determined by the residual wvolume behind the piston and the total
available volume of compensation gas.

FPigure 2 graphically summarizes the major design considerations that
have been discussed.

Construction

The USRD type J13 transducer represents the end product of a series
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Fig. 2. Summary of design considerations.

of design compromises between the many contradictory requirements out-
lined in the preceding discussion. Figure 3 shows the most important
features of the J13 referred to in the functional description that follows.

Flux density in the gap of the magnet is generated by one 3.6-kg
Alnico 5~-7 magnet and three Armco copper-plated magnetic iron pole pieces.
Spurious resonances in the magnet assembly are damped by filling voids
with a matrix of lead shot and epoxy cement. The magnet is charged by
passing a momentary 220-A dc¢ current through the charging coil encapsu-~
lated in the surrounding epoxy matrix. The one-piece piston and coil
form (10-cm diam} carries 212 turns-of AWG-30 copper wire and is suspended
froam 3 cinaoles nannrenas circumferantiazl coal
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many desirable mechanical properties, this seal is made of neoprene be-
cause of its superior durability under the coperating conditions of the
high-temperature environment. Mechanical compliance of this seal was
increased toward that of natural rubber by means of convolutions molded
in the seal body. The piston {(voice} coil is centered in the gap of the
magnet by the center guide pin and Teflon bushing assembly, which serves
also to counteract the buoyant force acting on the air-backed conical
piston section. Front and rear mechanical stops prevent the piston from
exceeding its maximum allowable displacement. The magnet gap and front
cavity are filled with castor oil, which acts as a coupling medium to
the water and provides the high acoustic impedance required at the
preriphery of the piston. The neoprene acoustic window provides a water-
tight seal for the oil-filled cawvity.

Changes in hydrostatic pressure acting on the piston are compensated
by a passive pneumatic system, the heart of which is an elastic bag made
of a butyl rubber compound whose permeability to water is very low. As
the operating depth increases, the bag is compressed by the water head

and increases air pressure behind the piston for compensation to depths
of about 22 m.
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Fig. 3. Sectional view of USRD type J13 transducer: {1} rear mechanical
stop, (2} corrugated neoprene acoustic window, {3} piston and coil form,
{4} front mechanical stop, (5) oil-filled front cavity, {6) outer pole
piece, (7) center guide pin and Teflon bushing assembly, {8} driving coil,
{9} inner front pole piece, (10} oil flow holes, (11} neoprene circumferen—
tial seal, (12) lead-epoxy potting compound, (13) Alnico 5-7 magnet, {(14)
charging coil, (15) back pole piece, (16} waterproof electrical connector,
{17) air filling valwve, (18) compliant butyl rubber pressure-compensation
bag, and (19) housing back plate.
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Fig. 4. Equivalent circuit for USRD type J13 transducer,
classical analogy; A is the piston area, Al is the seal

area, and A2 is the area of the case.

The maximum acoustic ocutput of the device is limited by the maximum
allowable electrical input to the coil, which has been determined experi-
mentally to be 250 W for continuous operation at freguencies above that
at which the output iz limited by displacement of the piston.

Perhaps the most important secondary design feature of the JI3 trans-
ducer is its modular element construction that provides unique adaptability
to various housings and configurations. Among the successful adaptations
that have been made to date are its use in two deeper-submergence systems
and in a three-element planar array [5]. Its use in even larger arrays
has been proposed [6]. '

Analysis

The equivalent mechano-acoustical circuit shown in Fig. 4 was developed
from the various masses, compliances, resistances, and radiation impedances
associated with the transducer; the electrical portion of the circuit is
omitted for the sake of clarity. With the masses of the piston and trans-
ducer case expressed in acoustical units, it is easy to see that the

£ am 13 =3 e Ty m i 1
forces applied across each transformer are equal but opposite in phase.

The transformexr ratic 1:(A + Al) is obtained because the force impressed

on piston area A is equal in amplitude and phase to the force on the seal
area Al' permitting transformers 1:A and l:Al that couple these portions

of the circuit to be combined. The compliances of the piston and seal
air cavities are coupled together by the air slit between them; these com-
pliances are coupled to the compensation cavity by thelr respective passages.

The currents U _, [§)

..+ and U_ represent the volume velocities associated
-~ o

with case, back, and piston radiation, respectively; uy and u, are linear



velocities; BRi represents the force generated by the current-carrying
coil moving in the magnetic gap.

Inspection of the equivalent circuit shows the importance of having a
large case mass relative to that of the piston and the necessity for main-
taining high acoustic impedance at the oil-filled slit and filow holes.

Several of the circuit elements are depth dependent. The compliances
of the piston cavity C., compensation cavity C,, and seal cavity C, de-
e L5 -

crease as hydrostatic pressure increases, while the water mass in the com—
pensation cavity increases with depth.

Among the simplifyving assumptions made in the derivation of the eguiva-~
lent circuit were, for example, the omission of all the effects of acoustic
pressure in the water upon various parts of the transducer and the trans-
formers necessary to couple two volume velocities to the compensation bag
compliance and water mass. Also, the motion of the diaphragm was con-
gsidered to be only that of a rigid piston.

The circuit in Fig. 4 is based on the classical or impedance analogy
{voltage analogous to pressure, current analogous to volume velocity),
which is inconvenient for the analytical description of a magnetic trans-
ducer. A more convenient version of the equivalent circuit for detailed
analysis is the mobility analogy (voltage analogous to valume velocity,
current analogous to pressure) shown in Fig. 5, wherein the electrical
elements have been included and the transformers have been removed. The
electroacoustical "turns ratio” N is determined by the transduction prin-

ciple used and the dimensions of the radiators involved. The denominator
r4
e, W N
— —1
NEXH
54 2. B
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Fig. 5. Equivalent circuit for USRD type J13 transducer,
. 2 2 2
mobility analogy; N = (Bf) /{Az - (B + Al}]

[4]
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ig. 6. Equivalent circuit for USRD type J13 transducer,
mobility analogy for electronic circuit analysis by time-

sharing computer program; N2 = (BS!,)Z/[A2 - (A + Al)]2.

of the "turns ratio" in Fig. 5 is derived from combination of the trans-
former ratios of the case {area A2) and the piston and seal (area A and

Al) upon which forces of equal amplitude but opposite phase are acting.

The acoustic pressure generated by the piston at distance r can be
obtained from

_ 5
p = (1/x) (PApocoRe/") (6)

where PA is the acoustic power output and R, is the directivity factor.

g
At most frequencies in the range under consideration, calculation of the
pressure generated at one meter can be simplified by setting the direc-
tivity factor in Eg. (6) equal to unity.

In terms of the equivalent electrical circuit, the acoustic power
radiated by the piston is equal to the power dissipated in the radiation

. 2 2 . , e
resistances N /RR and N /RR2. If an input current of 1 A is specified,

1
the transmitting current response can be represented by

P = (Pyooce/m - (7

where PRR is the power dissipated in the radiation resistance.

Figure 6 shows the mobility analogy circuit with branches

e gy (L8 wa LIl L SllLlle

a
labeled in the format of the time-sharing computer program used for the




electronic circuit analysis. The dashed line shown hetween branches 5
and 6 represents the compressed metal-fiber acoustic resistors used at

each end of the magnet passage to damp the resonance of the hole and
piston cavity.

Values for the elements of the circuit were cbtained by either direct
measurement, calculation from measurements of motional impedances of the
transducer under various loading conditions, or were computed . The
values used and their derivations are ocutlined in Appendix A.

Becaugse power dissipated in a branch can be selected as an output of
the analysis program, the power dissipated in branches 26 and 28 represents
the acoustic power radiated from the piston; and the power dissipated in
branches 2, 11, 15, and 17 represents the acoustic power associated with
the back and case radiation.

The transmitting current response cbtained from the power dissipated
in the radiation resistance branches and Eq. {7} is compared with the
measured response of the transducer in Fig. 7. The apparent discrepancies
between the measured and calculated results seen in these curves are
largely attributable to the effects of the simplifying assumptions made
in the circuit derivation and to the difficulties in assigning accurate
values to some of the circuit elements. For example, resolution of the
values obtained from the motional impedance measurements made at very low
frequencies is, at best, only fair; and it is difficult, if not impos-
sible, to measure or calculate values for the compensation cavity-
compensation bag compliance combination under actual operating conditions.
The positive slope of the curve for values measured between 1500 and
3000 Hz is caused by flexural resonances in the piston that would not be
accounted for by calculated values because of the earlier assumption that
the diaphragm moves as a rigid piston.

7S -

Pressure ot | m {dB re | uPasa)

0.01 Q.05 ar 0.5 1. 55
Frequency in kHz
Fig. 7. Comparison of USRD type J13 transmitting
current response data obtained by measurements
{solid-line curve) with results from the equiva-
lent circuit calculations {dashed-line curve}.
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Conclusions

The USRD type J13 transducer, which is based on an old transduction
principle, is a unique and adaptable underwater acoustic source, The J13
radiator, adapted in various configurations, fulfills a substantial por-
tion of the underwater acoustic community's needs for low-audio- frequency

.
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Appendix A
Determination of Values for Elements of the J13 Equivalent Circuit

General Considerations

Figure 6 of this report shows the branches and nodes of the J13
eqguivalent circuit in the notational format of the time-sharing computer
program used for the electronic circuit analysis. All temperature- and
pressure-dependent variables were computed for the tempsrature 20°C and
the pressure equivalent to 15 m depth (150 kPa). In all cases, the symbol
"a" referg to the radius of the circular aperture or surface under con—
sideration.

Turns Ratios

The electromechanical "turns ratio® is Bf, where B is the magnetic
flux density in the magnet gap and % is the length of the current-carrying
conductor interacting with B. The nominal value of B for the magnet

assembly is 1.2 bemz and the nominal value for & is 66 m, which give a
turns ratio value of 79.2 Wbh/m. Results of repeated measurements of BR
were between 78.35 and 80.0 Wb/m, which indicates that the nominal values
are reasonably representative of the mean value.

The electroacoustical "turns ratio" is calculated from

N = BQ/[A2 - {a+ Al}]’

where A is the cross-sectional area of the piston, Al is the area of the
circumferential seal-suspension member, and A2 is the cross-sectional

‘ . . R . . -3
" area of the case, Substitution of the nominal dimensions & = 8.107x10 " m
' -3 2

A, = 4.560x1077 m°, and A, = 3.767%10°2 m%, gives

N = 3.168X103 Wb/m3.

Branches 1 and 2, Blocked Electrical Impedance

Range of electrical impedance measurements for blocked mechanical
motion:

R: 24.5 @ at 10 Hz to 104.0 @ at 3.0 kHz

L: 0.0 H at 10 Hz to 2.7x10° " H at 3.0 khz

Branch 3, Acoustic Resistance of Air S1it between Piston and Seal Cavities

3
RSA = 12nk/tw,

12




where 1 is the viscosity coefficient for air, £ is the width of the slit,
t is the slit opening, and w is the mean circumference of the slit.

6 4
RSA = 1.10X10 kg/m s

2 -
N°/R,, = 9.11 @

Branch 4, Acoustic Compliance of Seal Cavity

Cy = DVo/YP
where Py is the initial cavity pressure, V is the initial cavity volume,
P is the pressure at operating depth, and y is the ratio of specific

heats for air.

cy = 6.67x10 11 mS/N

N2c3 = 6.69%x10 1 &

Branch 5, Acoustic Mass of the Magnet Passageway

2
Mp = po(l + 28'} /ma”,
where po is the density of the air, & is the passage length, L' is the
end correction for the passage, and a is the radius of the passagé.

M= 3.37x10° kg/m®

MP/N2 = 3,35x10™° F

Branch 6, Acoustic Resistance of the Magnet Passage

The acoustic resistance of the magnet passage is unimportant because
its equivalent electrical resistance is shunted by the equivalent electri-
cal resistance of the compressed metal fiber acoustic resistors at each
end of the passage. The equivalent electrical resistance was determined
from the difference in motional impedances measured with and without the
resistors in the passage, yielding

2
N /R = 5.0 Q.
/ b

13




Branch 7, Acoustic Compliance of the Piston Cavity

LN [od
=Ll

Cl = p V /yp = 2.87x10 mD/N

Nz/cl = 2.88x10°° H

Branch 8, Acoustic Compliance of the Compensation Cavity

Although it is clearly not a rigid chamber, the compensation cavity
C2 is treated as if it were; closure to the water is effected by the

rubber compensation bag. Unlike the piston and seal cavity compliances,
the volume is allowed to decrease with increasing hydrostatic pressure.
9 5

¢, = 4.02x10  m” /N

N°c, = 4.04x10"% 1

Branch 9, Radiation Resistance, Back Radiation

Back radiation is transmitted through two 1-905x10-2—m-diam holes in
the rear of the case, mechanically in paraliel.

R}, = 0.504 p c/ma’ = 1.326x10° kg/m's,

where ¢ is the speed of sound in water.

2 -3
N /RR1 = 7.57%10 2

Branch 10, "Radiation Compliance," Back Radiation

For two 1.905X10_2—m—diam holes, mechanically in parallel,

3 2 -15 5
! = = X
CRl 5.44a fpcc 1.042x310 m /N
2, -8
= . x
NCl = 1.049%10 " H
Branch 11, Radiation Resistance, Back Radiation

2 . —
= 3,816x10
N°/RL, = 3.816
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Branch 12, Radiation Mass, Back Radiation
For two l.905XlO-2—m-diam holes mechanically in parallel,

4 4

My = 0.1952p /a = 4.098x10" kg/m
Mé/Nz = 4.082x107> F

Branch 13, Acoustic Mass of Water in Compensation Bag Housing

2,2
M = {7 - v Y S N STy
\ - v v na

is

where Vc is the volume of the housing, Py is the initial pressure, V0

the volume of the bag, P, is the pressure at operating depth, and waz is

the cross-sectional area of the housing.
MWA = 6.89><103 kg/m4
Mo /N° = 6.86x107" F
A
Branch 14, Acoustic Mass of the Case
2
MCA = Mm/A .

. 2, .
where Mm is the measured masgss of the case and A” is the cross-sectional

area of the case.

4 4
MCA = 3.88x10 kg/m

2 -3
= x
MCA/N 3.86%10 F

Branch 15, Radiation Resistance, Case Radiation

2 7 4
" == =
RR2 poc/wa 3.984x10 kg/m's

N2/ "2 = 0.252 @
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Branch 16, Radiétion Compliance, Case Radiation

cr, = 5.44a%/p ¢ = 3.174x207

R1 /N

Nzxc§l = 3.187x10 " H

Branch 17, Radiation Resistance, Case Radiation

R = o.so4p0c/na2 = 2.008x10° kg/m’s

NZ/R§1 = 0.500 O

Branch 18, Radiation Mass, Case Radiation

Mp = 0.1952p /a = 1.783x10° kg/m4

M;/Nz = 1.776x10"% F

Branch 19, Acoustic Compliance of the Compensation Bag
This is difficult, if not impossible, to measure or calculate. Values
ranging from 1677 to 10° H were substituted in the circuit to arrive at

-3 N . .
the value 7.0x10 "H. In effect, this says the bag is considerably more
compliiant than either of the closed cavities, but less compliant than the
compensation chamber.

Branch 20, Acoustic Mass of Air Flow Holes in Outer Pole Piece
For eight holes, mechanically in parallel, )

2 _ 3 4
MHA = Bpoifwa = 3.019x10° kg/m ,

where % is the length of the holes.

MHAfnz = 3.007x10 % F

Branch 21, Acoustic Resistance of Air Flow Holes in Quter Pole Piece
Por eight holes, mechanically in parallel,
2
R, = [0y/B(na’)][(2um) *(3/a + D1,
where @ is the angular freguency, u is the kinematic coefficient of

viscosity, and £ is the length of the hole.
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Ryp = 4.456x1072 kg/m4s,

A A 1~
assumea CTo O

N°/R__ = 2.254Xl08 £

Branch 22, Acoustic Mass of the 0Qil-Filled S1it at the Piston Periphery
M

so = 6002/5wt,
5 4
= x
MSo 2.233x10° kg/m
2 -2
MSO/N = 2.225%10 F

Branch 23, Acoustic Mass of the 0i1 Flow Holes
For 46 holes, 1.588X10_3—m diam, mechanically in parallel,
M = 46p 8/ma> = 1.022 kg/m"
Ho  ~Po : g
7

2 -
M /8T =1.018x10"" F

Branch 24, Acoustic Resistance of the (il Flow Holes
For 46 holes, 1.588x10-3-m diam, mechanically in parallel,
R. =8 2/46ﬂa4
Ho n '

where n is the viscosity coefficient for castor oil and & is the length of
the holes.

RHO = 3.056x109 kg/m4s

2 _ -3
N°/R, = 3.285%107° Q

-
ok
f=1]
(ol
sl-
)
=3
e
(7]
o
(]
= 1
xJ

eriphery
3

RSO = 12n8/t"w,

where n is the viscosity coefficient for castor 0il, £ is the width of the
slit, t is the slit opening, and w is the mean circumference of the slit.

R, = 3.523x10™° kg/m’s

N2/R = 2 850x10 2 @
/ Sso




Branch 26, Radiation Resistance, Piston Radiation
RR2 = pocfﬁaz = 1.829x168 kg/m4s

2 B -2
N°/R,, = 5.489x10°° o

Branch 27, "Radiation Compliance," Piston Radiation

c,, = 0.544a%/p ¢ = 3.123x10 14 n¥

N°/C.. = 3.135x107° H

Branch 28, Radiation Resistance, Piston Radiation

RRl = 9.2lBX107 kg/m4s

-y
N°/Ry, = 0.109 0

Branch 29, Radiation Mass, Piston Radiation

3

M, = 0.1952p /a = 3.700x10 kg/m?

Mo/NT = 3.686x10° " F

Branch 30, Acoustic Mass of the Diaphragm

This is measured statically and from "added mass™ technique in which
the shift in the freguency of mechanical resonance caused by a known mass
is used to detsrmine the unknown mass.

2,2
Md = Mm/(ﬁa YO,

where Mmris the measured mass.

M, = 1.375x10° kg/m4

2 -4
M /N = 1.370x107 F

Branch 31, Mechanical Resistance of Diaphragm Suspension and Guide Bushing

The electrical equivalent is derived from motional impedance of magnet-
diaphragm assembly measured in a vacuum.

2 -
(BL) /R = 73 0
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Branch 32, Mechanical Compliance of Suspension-Seal Assembly

Actual value used is the combination of suspension-seal assembly and
oil-filled front piston cavity compliances. Electrical equivalent is
derived from measured motion impedance.

(BJL)?'CS = 0.619 H
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