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SUMMARY

Power requirements for larger spacecraft, power platforms and space sta-
tions are growing toward the 100 to 1000 kW levels. At these power levels,
high voltage 1s desirable to reduce conductor mass and power loss and high
frequency is desirable to reduce power processing system mass and power loss.
To get full benefit from increasing voltage and frequency, transmission lines
have to be tailored for this application.

Three cable configurations were investigated for their capability to
transmit high frequency (0 to 30 kHz) ac power. These configurations were
coaxial cable, stranded coaxial cable and parallel lines. For all three con-
figurations large diameter (5 to 30 mm) hollow conductors were considered.
The coaxial cables used closely spaced conductors to minimize transmission
line inductance.

A parametric study of these three cable configurations was performed
varying conductor diameter, conductor thickness and alternating current fre-
quency. For each case cable conductance, mass, inductance, capacitance, re-
sistance, power loss, and temperature were evaluated. Curves of these output
variables versus cable radius are presented.

Coaxial cable with hollow center conductor is the configuration selected
by this study for high frequency distribution of space power. Nearly equal
radii of the inner and outer conductor minimize inductance. To provide cable
flexibility stranded rather than solid conductors could be used. As an
example, a 5 mm inside radius stranded coax cable with 0.5 mm conductor thick-
ness was chosen to transmit 100 kW at a voitage of 1000 V ac for a distance of
50 m. This cable would have a power loss of 1900 W, an inductance of 1.45 uH
and a capacitance of 0.07 wF. The figures included in this report could be
used to determine characteristics of other cable sizes. The computer programs
written for this analysis are 1isted in the appendix.

INTRODUCTION

As power requirements for larger spacecraft, power platforms, and space-
stations grow to the 100 to 1000 kW levels, it becomes apparent that a low
voltage (28 V dc), high current power distribution system will not do the job.
Raising the dc voltage to 150 V (which is the highest safe operating voltage
for low earth orbits due to plasma induced breakdown at the array) wilil not be
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a simple solution. The problems of switching the large currents and trans-
ferring them through siiprings have not been solved.

One logical solution would be a high voltage (1000 V), high frequency
power distribution system. This distribution system would convert the 150 V
dc solar array voltage to high voltage (1000 V), high frequency (10 to 30 kHz)
with a bi-directional four quadrant power converter (ref. 1). The power would
then be transferred through a rotary transformer to the transmission line.

The high voltage would reduce the current and the high frequency would reduce
the mass of the magnetics (transformers, inductors).

The large spacecraft being proposed will probably have many multiple loads
(different voltage levels, ac or dc). The ac system is user friendly in that
this problem is very easily handled by transformers (step up or down) and rec-
tification for the dc loads. Lower frequencies can also be synthesized from
the high frequency if required. The problem of switching large currents in
the dc system is avoided for the ac system by switching when the current passes
through zero. Development of the rotary transformer would eliminate the s1ip-
ring problem. The ac system has other advantages such as:

minimum RFI problem

flexibilty for power expansion

simple fault protection and isolation

system voltage not constrained by array or battery
no switch loss at turn off

One area of concern for the proposed high power ac distribution system is
the high voltage, high frequency transmission 1ine. This paper develops com-
puter models for coax and parallel transmission lines. These computer models
will enable the system designer to estimate cable size, weight and losses by
inserting system parameters (voltage, frequency, current) and system con-
straints (1ine inductance, 1ine capacitance, etc.) into the program. The
models become design tools that can be used in developing high voltage, high
frequency transmission 1ines for space applications.

ANALYSIS METHOD

As mentioned in the introduction, a computer model was developed to esti-
mate cable size, weight and losses based on system parameters and constraints.
This section describes some of the unique features of this computer model.

To accurately determine the resistance and inductance of these confiaura—
tions, modifications to conventional equations were made adding terms that are
significant for these configurations, but negligible for conventional trans-
mission 1ines. A brief description of the computer model is also incliuded in
this section.

Configurations Investigated

In order to efficiently conduct high frequency ac current it is advan-
tageous to greatly reduce cable inductance. Coaxial cable is a natural candi-
date for this application. Inductance can be minimized by making the ratio of




the outer diameter of the inner conductor to the inner diameter of the outer
conductor close to one. This can be achieved by using a large diameter cable
with a very thin dielectric between the inner and outer conductor. However,
the large diameter inner conductor, if it is a solid rod can be quite heavy.
The weight of the cable can be greatly reduced by using a hollow inner conduc-
tor. This does not significantly reduce the conductivity because most of the
high frequency ac current is conducted near the outer surface of the inner
conductor. .

Three configurations were considered in this analysis. They are 1llus-
trated on figure 1. Figure 1(a) shows a cross section of a hollow coaxial
cable. The inside radius of this cable was varied parametrically from 5 to 30
mm. Conductor thickness was the same for the inner and outer conductors,
either 0.2 mm or 0.5 mm. The dielectric thickness was 0.5 mm. Figure 1(b)
shows a cross section of a hollow coaxial cable in which the conductors consist
of strands of fine wires wound in a helix. This design enables the cable to
be flexible for ease in installation. A support structure which might be re-
quired to prevent collapse of the inner conductor was not included in this
analysis. The parameters for the stranded coaxial cable were varied over the
same ranges as for the hollow coaxial cable. To differentiate the hollow cable
with solid conductors from the hollow cable with stranded conductors, the hol-
low cable with solid conductors will be referred to as solid coaxial cable 1in
the remainder of this report. Figure 1(c) shows a cross section of a parallel
conductor cable. The two conductors are hollow. The parameters for the
parallel conductors were varied over the same ranges as the coaxial cables.

In addition, the distance between the conductors was varied from 1 to 10 mm.

Formulas

In most cases, standard formulas were used in this analysis. However,
because of the unusual configuration (closely spaced, hollow, coaxial con-
ductors) the inductance formula for this analysis includes self inductance
terms that are negligible for most other configurations. Also, the conductor
thicknesses considered for this application are too thin for the conventional
ac formula for resistance to give accurate results and too thick for the con-
ventional dc formula. A more general formula was developed to accurately cal-
culate resistance in this intermediate region. The inductance and resistance
formulas used in this analysis are presented below. '

Resistance Formula

Current flow versus depth. - High frequency ac current is concentrated
near -the surface of a conductor and decreases approximately exponentially with
depth into the conductor (ref. 2). The distance & from the surface where
the current is reduced by a factor of e from the surface current 1ig 1is
called one "skin" depth. Thus the formula for current iy, as a function of
depth x 1into a conductor is:

-x/é&
1x = 1S e



Total current flow. - The total current flow IT 1in an ac conductor of
thickness T can be determined by integrating the above formula. Thus:

)
I, _J 1 e/ ax - 156 (1 - e71/8

0

)

If the thickness T of the ac conductor is many times the skin depth & , the
term e-T/8 15 very close to zero and the total ac current is approximately:

IT = 156

Thus for an ac conductor that is many skin depths thick, the total cur-
rent is the surface current times one skin depth. As the surface conductivity
for ac is the same as the dc conductivity of the conductor material, the ac
conductivity of many skin depths is the dc conductivity of one skin depth.
Common ac conductors are many skin depths thick. The above simplified formula
is, therefore, commonly used to compute ac resistance.

Skin depth. - The skin depth for ac current is calculated using the fol-
lowing formula (ref. 2).

§ = 503 p/fur

p conductor resistivity: copper resistivity = 1.77 10-8 ohm M2/M
f frequency, Hz
wr relative permeability: close to one for nonmagnetic materials

In computing skin depth for the stranded coaxial cable, resistivity was
increased to reflect the portion of the area that was actually filled with
conductor material. In this analysis, frequencies of 10, 20, and 30 kHz were
considered. The resulting skin depths were 0.6692, 0.4732, and 0.3864 mm for
solid conductors and 0.7578, 0.5366, and 0.4413 mm for stranded conductors.
As the conductor thickness was parameterized as either 0.2 mm or 0.5 mm, the
conductor thickness varied between 0.26 and 1.3 skin depths in this analysis.

Graph of conductance. - Conductance for ac and dc current as a function
of conductor thickness is plotted on figure 2. Depth of the conductor is ex-
pressed on the x-axis of this figure as multiples of one skin depth at the ac
frequency. Conductance on the y-axis is normalized to skin depth times surface
conductivity. There are three curves on this figure. The curve labeled "dc
formula" represents dc conductivity remaining constant independent of conductor
thickness. The curve labeled "ac formula" represents an ac conductor that is
many skin depths thick. The curve labeled "general formula" was used in this
analysis. It corresponds to the general equation for ac current flow derived
above. Note that for the range of conductor thickness encountered in this
analysis (0.26 & to 1.3 &) the conductance 1is significantly less using this
general formula than using the dc formula or the commonly used ac formula.

dc resistance formulas. - dc resistance of a conductor is the specific
resistance p of the conductor material times the conductor length '1' divided
by the conductor area A:

RdC = p/A
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The round trip dc resistance for a coaxial conductor with inner conductor
area Ap and outer conductor area Ay is:

Rdc = p9./AI + pQ./A0

For the stranded coaxial conductor, Ay and Ag are the total cross
sectional areas of the strands. The round trip dc resistance for two parallel
conductors with conductor area A 1is:

Ric - apa/A

ac resistance formula. - To compute ac resistance for this analysis, the
dc resistance Rge, skin depth & and conductor thickness T were first
computed. The following formula was then used to compute the ac resistance:

Rac = RdcT/é

As explained previously, the above commonly used formula is not valid for
the range of conductor thicknesses used in this analysis. The following
general formula was, therefore, used to correct the ac resistance for conductor
thicknesses less than many skin depths:

-T1/8
Rgen = Rac/(l - e )

Coaxial Cable Inductance Formula

The inductance of most conventional coaxial cables is due primarily to
the magnetic field in the dielectric between the conductors. This portion of
the inductance is represented by the following formula (ref. 3).

L = w/2« 1n (b/a) ~ 2.10-7 1n (b/a)

L inductance per unit length of line
u permeability of dielectric
a,b inner, outer diameters of dielectric

To minimize inductance for efficient transmission of high power at high
frequency, large diameter coaxial conductors are closely spaced. This reduces
the inductance due to the magnetic field between the conductors. The induct-
ance due to the magnetic field within each of the conductors, although still
small, becomes a significant part of the total inductance. The inductances
within the conductors are evaluated as follows.

Inductance within inner conductor. - The self inductance of a conductor
is evaluated in terms of the self flux linkages (N¢) established by the con-
ductor per unit current flow in the conductor (ref. 2). For a hollow
conductor:

r, f.B dx
_N No _ 2 XX
Lcond '1221 - jr] I



Leond inductance of conductor, henrys per meter

fx fraction of total current within radius x

By wHy = wfxI/2wx = magnetic flux density at x

" permeability of conductor (4wx10-7, 1f nonmagnetic)
I total current in conductor

rys. o inner, outer radius of conductor, meters

Substituting for By in the above formula for Leond

r 2
v (2 fx_
Lcond T 2w Sr] X dx

Assuming uniform current density which is valid for dc or low frequency,
the following formula was derived for the fraction of current within radius

X. X is a variable of integration which varies between ry and r o,
the inner and outer radii of the inner conductor as illustrated on figure 1(a).

2 2
f = 1
X r2 r2
2 N
2
N A3 PO r2 )
L = 2.10" -
cond r] r2 r2 X
2 1
r
2
2 2 4 {In —
) 20 | N fy
cond ~ , 2 2 4~ 3 2 2
(r2 —r]) ro - M

For high frequency ac, current density was assumed to decrease exponen-
tially with distance into the conductor as explained in the section titled

"Resistance Formulas." The resulting formulas for fy and Lcong are:
(x—r2)/6 (r]—rz)/é
P - e
X (r,-r,)/$§
12
1 -e
r 2
2 (x-r_.)/8 (r,-r,)/é8
2 12
L, = 2.0 e =@ dx
cond (r]—rz)/é X
m 1 -e

The above integral was evaluated numerically to determine self-inductance
of the inner conductor.

Inductance within outer conductor. - The inductance within the outer con-
ductor would be calculated by the same formula as the inner conductor except
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that there is net current flow (due to the inner conductor) within the inner
radius of the outer conductor. The current linked by the inside radius (r3)
of the outer conductor is I, the total current of the inner conductor. Assum-
ing the phase difference of the current in the outer conductor compared to the
current in the inner conductor is very close to 180°, the net current linked
decreases to zero at the outer radius (rg) of the outer conductor. Thus,
assuming uniform current density in the outer conductor, the following formula
was derived for the fraction of total current within radius x which is between
ry and rg4, the inner and outer radii of the outer conductor as i1lustrated

on figure 1(a):

2 2
Fo=1 - 3
X r2 _ r2
4 3

2 2

fF o2
X r2 _ r2
4 3

. 2 2\°
L B 4 dx
outer = 2« rl - gl X
r 4 3
3
2 2 4
) caa07! (T3 Ta L Ta
outer ~ 2 2 |4 4 p2 2 ra
4 3 4 3

For high frequency ac, the current density was again assumed to decrease
exponentially with distance into the conductor. The resulting formulas for fx
and L for the outer conductor are:

(r3-x)/6 (r3-r4)/6

P - e
X (r3-r4)/6
1 -e
T4 (rg-x)/s (rg-ry)/s 2
-1 e - e dx
L = 2x10 =
outer (r3—r4)/6 X
ry 1 -e

The above integral was evaluated numerically to determine the high frequency
self-inductance of the outer conductor.




Parallel Cable Inductance

The standard formula for inductance between parallel conductors is listed
below. This is a general formula that is valid even for closely spaced paral-
lel conductors. The distance between the centers of the conductors, re, and
the outer radius of the conductors, rg, are illustrated on figure 1(c).

r r
-1 6 /_é_
Lpara]]e] =4 x10 " xn 2r2 * 2r2 -1

This is applicable for the parallel lines considered herein except an
additional term was added to account for the self-inductance of the hollow
conductors. This term is the same as the self inductance of the inner con-
ductor of the coaxial cable derived above.

2 2 4
) i 2x10~7 |2 3r, . ry In (rz/r1)
cond - 2 2 4 T 4 2 2
fa -1 (rg =19

The total inductance of the parallel conductors is:

tot = Lparailel * 2 L¢ond

As the self-inductance of the parallel conductors is a much smaller part
of the total inductance than the self-inductance of the coaxial conductors is
of total coaxial inductance, high frequency self-inductance was not computed
for the parallel lines.

Computer Program Description

Three separate computer codes were used for the three configurations
(coaxial cable, stranded coaxial cable, and parallel lines) mentioned earlier.
These codes are similar with minor differences to reflect the differences
between the configurations. Each code consists of a main program and a calcu-
lation subroutine. The computer codes used in this analysis are listed in the
appendix.

The main programs generate parametric variations of cable size and of
alternating current frequency. Cable inside radius values were 5, 10, 15, 20,
25, and 30 mm. Conductor thickness values were 0.2 and 0.5 mm. For parallel
Tines, spacing between the conductors were 1, 4, 7, and 10 mm. The values of
alternating current frequency were 10, 20, and 30 kHz. The main programs gen-
erate input to the calculation subroutine for each of the combinations of input
parameter values.

The calculation subroutines calculate resistance, conductance, inductance,
mass, capacitance and other computed output. These subroutines produce for-
matted output data for each parametric case generated by the main programs.

An example of this output for coaxial cable with inside radius of 15 mm, con-
ductor thickness of 0.5 mm, and ac frequency of 20 kHz is 1isted on table II.
This table is included to show the variety of output produced by this computer




program. Many of the output quantities 1isted on table II are not discussed
or used elsewhere in this report. Note that although the computer program is
structured to include a shield around the cable, the shield is omitted in this
case by setting the shield outside radius equal to the shield inside radius.
There is also a plotting subroutine that is called by the calculation sub-
routines. The plotting subroutine produces plots of computed output versus
cable inside radius. However, the plotting subroutine requires a graphics
software package that is only available at NASA Lewis Research Center. Modi-
fications to the plotting subroutine would be required for use with other com-
puter software.

RESULTS

Cable size, mass, and power losses need to be determined based on system
parameters (voltage, frequency, and current) and on system constraints (1ine
inductance and 1ine capacitance). However, it is not convenient to determine
cable size directly based on system parameters and system constraints. Cable
geometry is the logical independent variable. From cable geometry, cable mass,
cable resistance, 1ine inductance and line capacitance can be calculated.

Power loss is then determined based on voltage, frequency, and current. Inter-
polating back from the system parameters and constraints, the required cable
geometry can then be determined. From the cable geometry the cable mass and
power losses are determined.

Cable Mass

Cable mass versus cable inside radius is shown on figure 3(a) for the
coaxial configuration, on figure 3(b) for stranded coaxial and on figure 3(c)
for parallel lines. On each figure there are six curves. Three curves are
for a conductor thickness of 0.5 mm, and three are for a conductor thickness
of 0.2 mm. The three curves in each group represent mass of the copper con-
ductors, mass of the teflon dielectrics, and total copper plus teflon mass.
Mass of cable support structure and mass of interconnects is not included.

Mass increases linearly directly proportional to cable radius for all three
types of cable. Mass of the stranded coaxial cable is approximately 25 percent
less than of the solid coaxial cable. Mass of the parallel lines is almost

the same as the mass of the solid coaxial cable. However, neither the coaxial
cable nor the parallel lines were shielded. The magnetic fields of the inner
and outer conductors of the coaxial cable tend to cancel each other and shield-
ing may not be required. The parallel lines have an external magnetic field
and should be shielded. Shielding the parallel lines would cause them to in-
crease in mass possibly to twice the mass of the unshielded coaxial cable.

Electrical Conductivity

Electrical conductivity is shown on figure 4(a) for the coaxial cable, on
figure 4(b) for the stranded coaxial cable and on figure 4(c) for the parallel
lines. Conductivity follows the same relationship to cable type and inside
radius as the relationships of mass to cable type and inside radius described
in the previous section. Conductivity increases linearly directly proportional
to radius in each of the three cases. Conductivity of the stranded cable is



approximately 25 percent less than of the solid cable. Conductivity of the
parallel lines is almost identical to conductivity of the solid coaxial cable.
Unlike cable mass, however, conductivity of the parallel Tines does not in-
crease if the parallel lines are shielded. Another difference is that conduc-
tivity decreases as the frequency is increased. Mass, of course, stays the
same. This is shown by the families of curves on figures 4(a) to (c). On
each figure there are curves corresponding to 0 kHz (i.e., direct current),
10, 20, and 30 kHz, and conductor thicknesses of 0.2 and 0.5 mm. Note, that
all the curves are linear; conductivity increases directly proportional to
cable radius. The ratio of conductivity at each ac frequency to direct cur-
rent conductivity is a constant independent of cable radius and cable type.
This ratio is plotted on figure 5 as a function of conductor thickness com-
puted as the number of skin thicknesses. One skin thickness is the thickness
of a dc conductor required to conduct as much current as an infinitely thick
ac conductor.

As the ac frequency increases, the resistivity of a conductor increases
compared to the resistivity of that same conductor for dc. Thus the current
carrying capacity is lower for a conductor carrying high frequency alternating
current than for the same conductor carrying direct current. The magnitude of
this effect is 11lustrated for the range of conductor thicknesses and frequen-
cies used in this analysis on figure 5. The extreme case 0.5 mm at 30 kHz has
1.8 times as much electrical resistance as the same size conductor carrying
direct current electricity.

To observe the effect of frequency compare the point labeled 0.5 mm at 30
kHz to the point labeled 0.5 mm at 10 kHz. These points correspond to the
same physical size conductor. But at the higher frequency, the current is
more concentrated near the surface of the conductor. Therefore, the resistance
at 30 kHz is 1.8 times the resistance at dc; whereas the resistance at 10 kHz
is 1.4 times the resistance at dc. The frequency effect can also be observed
by comparing the points labeled 0.2 mm. At 30 kHz the 0.2 mm resistance is
1.3 times the resistance at dc; whereas the resistance at 10 kHz is 1.15 times
the resistance at dc.

Comparing different cable thicknesses at the same frequency shows that
the ratio of ac resistance to dc resistance increases as the conductor thick-
ness increases. ac resistance and dc resistance both decrease with increasing
conductor thickness, but because ac current is concentrated near the conductor
surface, the decrease of ac resistance is less than the decrease of dc resist-
ance. At 30 kHz the resistance ratio is 1.8 for a 0.5 mm conductor thickness
and 1.3 for a 0.2 mm conductor thickness. At 10 kHz the ratios are 1.4 at 0.5
mm and 1.15 at 0.2 mm. At O kHz the ratio of resistance to the resistance for
direct current is, of course, 1.0 regardless of the conductor thickness.

Inductance

The inductance of the transmission 1ine is a critical parameter, since
the transmission line acts as an integral part of the four quadrant bi-
directional converter power stage (ref. 1). Total inductance of the power
stage includes the output transformer inductance, the power stage inductor,
the transmission Tine and stray inductances. Maximum inductance is determined
by system power, voltage and frequency and by power stage configuration. Cur-
rent conceptual designs 1imit the total inductance to 15 to 20 pH. Equations
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for computing total inductance and capacitance and example calculations at the
3 kW level are given in reference 4. An objective of this study was to deter-
mine the feasibility of designing a 50 M transmission line capable of trans-
mitting 100 kW of power with a transmission 1ine inductance less than 5 upH.

The inductance versus cable inside radius is plotted for the coaxial cable
on figure 6(a), for the stranded coaxial on figure 6(b), and for parallel lines
on figure 6(c). There are eight curves on each of the three figures 6(a) to
(c). On figures 6(a) and (b) inductance is plotted for conductor thicknesses
of 0.2 and 0.5 mm at the four frequencies, 0, 10, 20, and 30 kHz. The eight
curves on figure 6(a) are nearly identical to the eight curves on figure 6(b).
For the curves with 0.5 mm conductor thickness and 0 kHz frequency, inductance
decreases from 1.5 pH with a 5. mm inside radius to 0.3 wyH with a 30 mm inside
radius. With 0.2 mm conductor thickness inductance is about 20 percent less
for all values of inside radius because, with thinner conductors and the same
0.5 mm dielectric thickness, the currents are closer together. Increasing the
frequency also brings the currents somewhat closer to the dielectric; thereby
decreasing the inductance by 5 to 10 perceni for the 0.5 mm conductors, and by
about 1 percent for the 0.2 mm conductors. The decrease of inductance due to
increasing trequency is slightly less for the stranded coax because the lower
effective conductivity of the stranded coax increases the skin depth.

The inductance of parallel lines is significantly greater than the
inductance of coaxial cables. It varies from 27 pH for 5 mm inside radius
conductors spaced 10 mm apart to 6 uwH for 30 mm inside radius conductors spaced
1 mm apart. The eight curves on figure 6(c) represent four values of spacing
between the conductors, 1, 4, 7, and 10 mm, and two values of conductor thick-
ness, 0.2 and 0.5 mm. This is a significant parameter in that increasing the
spacing from 1 mm to 10 mm causes the inductance to approximately double.
Conductor thickness is a much less significant parameter in that increasing the
thickness from 0.2 to 0.5 mm increases the inductance by less than 1 percent.
Increasing frequency would reduce inductance by much less than 1 percent. The
30 mm inside radius conductors spaced 1mm apart at 6 uH inductance are close to
the objective of 5 uH maximum inductance mentioned earlier but the inductance
gets much higher and completely out of the desirable range, if the inside
radius is decreased or the spacing is increased.

Capacitance
Capacitance is shown for coaxial cables on figure 7(a), for stranded coax
on figure 7(b) and for parallel lines on figure 7(c). The following formulas

were used 1o compute coaxial cable and parallel 1ine capacitance:

12

Ccoax = 55.56x10 xDie]TEer2/1n (r3/r2)
. 2
12, s« I e
cpara]]e] = 27.78x10 xDIe1TEFLx1/1n F; + F; -1
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Dieltgry dielectric strength of Teflon
2 cable length
r2.r3,rg cable dimensions as shown on figure 1.

These figures show that capacitance increases lTinearly directly propor-
tional to cable radius. The capacitance (0.07 to 0.4 uF) of both types of
coaxial cable is greater than for parallel lines (0.001 to 0.006 uF). However,
the cable capacitances are small compared to the several microfarads of capac-
itance required for the converter power stage. The difference can easily be
made up by adding a capacitor to the power stage.

Power Loss

Power loss is shown on figure 8(a) for coaxial cable on figure 8(b) for
stranded coax and on figure 8(c) for parallel lines. These curves are based
on an assumed 100 A of current flowing through each conductor. On each figure
there are curves of power loss versus conductor inside radius for alternating
current frequencies of 0 kHz (direct current), 10, 20, and 30 kHz, and for
conductor thicknesses of 0.2 and 0.5 mm. Power loss increases with increasing
frequency, decreasing conductor thickness, and decreasing conductor inside
radius. Power loss varies from 150 W for a solid conductor with 30 mm inside
radius conducting dc to 4200 W for a stranded conductor with 5 mm inside radius
conducting 30 kHz ac. Stranded coax has about 25 percent more power loss than
solid conductor coax. Solid conductor coax and parallel lines are about equal
in power loss.

Radiating Temperature

As mentioned in the introduction, this report is concerned with electric

cables for spacecraft use. Spacecraft electric power cables must reject the
power lost along the cable by radiation to space. Inner conductor temperatures
of the cables were computed assuming radiation from the outside surface of the
cable to space (sink temperature 273 K) and accounting for the temperature

rise across the dielectrics. These inner conductor temperatures are plotted
for the coaxial cable on figure 9(a) for the stranded coax on figure 9(b) and
for the parallel lines on figure 9(c). The curves show radiating temperature
versus inside radius for frequencies of 0, 10, 20, and 30 kHz, and for conduc-
tor thicknesses of 0.2 and 0.5 mm. The temperatures range from near 0° C for
the 30 mm inside radius to 250° C for the 5 mm inside radius stranded coax with
0.2 mm conductor thickness. Note that the temperatures increase rapidly as

the inside radius approaches 5 mm. At 10 mm inside radius the maximum temper-
ature is 130° C.

Transmission Line Example

As an example of using the results of this study in designing a transmis-
sion 1ine, consider a transmission line to transmit 100 kW at a voltage of
1000 V ac for a distance of 50 m. The transmission 1line is to operate with a
bi-directional converter at a frequency of 20 kHz and must have a line induct-
ance of not more than 5 uH and a line capacitance of not more than 3 uF. Power
loss is to be less than 2 percent of the 100 kW (i.e., 2000W). Stranded coax
is desired because of its flexibility (to provide easier installation) and
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because of the inherent electromagnetic shielding of coaxial cable. An alter-
native transmission line is to be chosen to operate at 500 V.

Assuming that power loss is the most severe constraint, cable size is
selected based on the power loss requirement using figure 8(b) for the 1000 V
case. The 5 mm inside radius stranded coax with 0.5 mm conductor thickness
has a loss of 1900 W, which is within the 1imit of 2000 W. Larger cables have
even less power loss. For the 500 V case, 100 kW of power yields 200 A, which
is different than the 100 A assumed for figure 8(b). Figure 4(b), "Conductance
of Stranded Coax," must, therefore, be used to determine the cable inside
radius to keep power loss less than 2000 W. Power loss is current squared
divided by conductance. Conductance must, therefore, be greater than 20 mhos
to keep power loss less than 2000 W. To achieve this conductance a cable in-
side radius of 25 mm and a conductor thickness of 0.5 mm was selected from
figure 4(b). This results in a conductance of 24 mhos and a power loss of
1667 W which is less than the 2000 W Timit.

The 5 mm inside radius cable to operate at 1000 V and 25 mm inside radius
cable to operate at 500 V were chosen to satisfy the 2000 W power loss con-
straint. There are also inductance and capacitance constraints of 5 yH and 3
uF, respectively. From figure 6(b), the inductance of the 5 mm is 1.45 uH and
of the 25 mm cable is 0.3 pH. Both these values are within the 5 uH con-
straint. From figure 7(b), the capacitance of the 5 mm cable is 0.07 uF and
of the 25 mm cable is 0.32 uyF. These values are within the 3 wF capacitor
constraint.

This example has been kept simple for clarity. In designing a specific
system a more detailed tradeoff including cable mass, cable temperature, and
cable volume is required to specify transmission line optimum sizing. Cable
mass can be determined from figure 3(b) and cable temperature from figure 9(b).

CONCLUSIONS

A computer program was developed to evaluate properties of high-power,
high-frequency transmission lines. Several transmission line concepts were
considered to minimize transmission 1line inductance and mass. The computer
program includes formulas that were derived to accurately compute resistance
and inductance for these transmission line designs.

Coaxial cable with hollow center conductor is the configuration selected
by this study for high frequency distribution of space power. Nearly equal
radii of the inner and outer conductor minimize cable inductance. To provide
greater cable flexibility, stranded rather than solid conductors could be used.
This would enable deployment or reconfiquration of the power system in orbit.
Stranded conductors have approximately 25 percent less mass and 25 percent
less electrical conductance than solid conductors of the same overall
dimensions.

Parallel transmission lines were also evaluated using this computer pro-
gram. These lines were also considered to be hollow conductors to minimize
mass for high frequency power transmission. Inductance of parallel lines 1is
significantly greater than inductance of the closely space coaxial cable.
Parallel 1ine inductance would be too high for the current design of the bi-
directional power converter used to generate the high frequency ac power.
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Electromagnetic interference might also be a problem with parallel transmission
Tines. This could increase the mass of the parallel lines with shielding to
twice the mass of coaxial cable. '
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The

APPENDIX - COMPUTER PROGRAMS

computer codes used in this analysis are listed in this appendix.

These codes were described in the section of this report titled “"Computer
Program Description.”

0000100 C
0000200 .

0001900
0002000
0002100
0002200 C
00062300
0002400
0002500
0002600
0002700

0000100 C
0000200
0000300
§6000400
6000500

400

OOOCO0O0OTOOOO
OO0 OO0OOOOOO
OO0 OCOOLOOO

50

100

50

200 C

100

Main Program for Coax

INNER CONDUCTOR RAD(1),RAD(2); OUTER CONDUCTOR RAD(3),RAD(4)
DIMENSIGN RAD(6),R(6) ’
DOUBLE PRECISION RAD

DATA R/.0333375,.034925,.0381,.0396875,.0428625,.06445/
DO 100 IFREQ=10000,30000,10000

IR1=5

ID=1

DO 50 IR=1,6

RAD(IR)=R(IR)

FREQ=IFREQ

CALL TRINT(RAD,FREQ,IR1,IFREQ,ID)
DO 100 ID=1,2

DRAD=.0005

IF(ID.EQ.2) DRAD=.0002

DO 100 IR1=5,30
RAD(1)=FLOAT(IR1)%*.001
RAD(2)=RAD(1)+DRAD
RAD(3)=RAD(2)+.0005
RAD(4)=RAD(3)+DRAD
RAD(5)=RAD(4)+.0005
RAD(6)=RAD(5)+DRAD

FOLLOWING CHANGE ELIMINATES SHIELD
RAD(6)=RAD(5)

CALL TRINT(RAD,FREQ,IR1,IFREQ,ID)
CONTINUE

STOP

END

Main Program for Stranded Coax

INNER CONDUCTOR RAD(1),RAD(2); OUTER CONDUCTOR RAD(3),RAD(4)
DIMENSION RAD(6),R(6)

DOUBLE PRECISION RAD

DATA R/.0333375,.034925,.0381,.0396875,.0428625,.04445/
DO 100 IFREQ=10000,30000,10000
IR1=5

ID=1

DO 50 IR=1,6

RAD(IR)I=R(IR)

FREQ=IFREQ

CALL STINT(RAD,FREQ,IR1,IFREQ,ID)
DO 100 ID=1,2

DRAD=.0005

IF(ID.EQ.2) DRAD=.0002

DG 100 IR1=5,30
RAD(1)=FLOAT(IR1)%.001
RAD(2)=RAD(1)+DRAD
RAD(3)=RAD(2)+.0005
RAD(4)=RAD(3)+DRAD
RAD(5)=RAD(4)+.0005
RAD(6)=RAD(5)+DRAD

FOLLOWING CHANGE ELIMINATES SHIELD
RAD(6)=RAD(5)

CALL STINT(RAD,FREQ,IR1,IFREQ,ID)
CONTINUE

STOP

END
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0000100 C
0000200 C
0000300
0000400
0000500
0000600
0000700
0000300
0000500
600

ooomoooocoo
ocooocoocoooo
oocoococoocoo
fort bk et ot o ot ot ok ok ot
O 0O NN U D R
COoOO00OoOO0OOO
CO0O0OO0OO

0002000
0002100
0002200
0002300
0002400
0002500
0002600
0002700
0002300
0002900
0003000

50

100

Main Program for Parallel Lines

INNER CONDUCTOR RAD(1),RAD(2); SHIELD RAD(3),RAD(4)
CENTER TO CENTER DISTAKRCE RAD(6)
DIMENSION RAD(6),R(6)

DOUBLE PRECISION RAD

DATA Rs/.0333375,.034925,.0381,.0381,.0381,.1016/
DO 50 IR=1,6

RADCIR)=R(IR)

IR1=5

ID=1

IFREQ=10000

FREQ=10000.

SPACE=.001

CALL PRLINT(RAD,FREQ,IR1,IFREQ,ID,1)

DO 100 LSPACE=1,4
SPACE=FLOAT(LSPACE*3-2)%.001

DO 100 IFREQ=10000,30000,10000

FREQ=IFREQ

DO 100 ID=1,2

DRAD=.0005

IF(ID.EQ.2) DRAD=.0002

DO 100 IR1=5,30

RAD(1)=FLOAT(IR1)%.001

RAD(2)=RAD(1)+DRAD

RAD(3)=RAD(2)+.0005

RAD(4)>=RAD(3)

RAD(6)=2.%XRAD(4)+SPACE

CALL PRLINT(RAD,FREQ,IR1,IFREQ,ID,LSPACE)
COHTINUE

STOP

END
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Calculation Subroutine for anx

SUBRQUTINE TRINT(RAD,FREQ,IR1,IFREQ,ID)
DIMENSIOR RAD(6Y,ERAD(S)

DIMERSION X(26),Y(104,2),YM(78,2),YI(106,2),TICHRIC10),YC(26,2), TPCHRIC(10Y,TPCHRZ(1G),YP(I04G,2)
DINENSION TCHARIC(10),TCHAR2C10), THCHRICI0) , THCHR2C10), TCCHRYILLI0), TCCHR2(10)

DIMENSTION TRCHRIC(10),TRCHR2(10),YR{1964,2),TTCHRIC(12),TTCHR2(12),YT(104%,2)

DATA TCHARL/'"COND',"UCTA',"8CE *,'0F C',"QPPE','R CO',"AX ', T,2%0./

DATA TCHAR2/'CONDT',"UCTA","NCE ",'0QF 0',7.2 M','M CO','PPER'," COAT','X ../

DATA THCHR1ZT'MASS",' OF *,'COPP','ER C',"0AX ', YL.4¥%0./

DATA THCHR2/'1ASS',Y OF ', "0.2 ",°'M1 C',"OPPE','R CO',"AX ',3%0.s

DATA TICHR1/'IHDU','CTAN','CE O','F CO',"PPER',"' COA",'X T,3%0./

DATA TCCHRI/Z"CAPA','CITA','HCE *,'0F C',T0OPPE','R CQ',"AX *',! T,2¥X0./

DATA TRCHRI/'RESIT,'STIV',"ITY ','0F C',"OPPE','R COY,"'AX ',° T,2¥0./

DATA TRCHR2/'RESIT,"STIV','ITY '",'0F 0",'.2 M','M CO','PPER"," COA','X oo/

DATA TPCHRL/'POLIET, "R LO","55 0','F CO',"PPER'," COAT",'X ',3¥0./

DATA TPCHR2/'POUE",'R LO', 78S O7,'F 0.',72 FM', " COP','PER ','COAX",! ',0.7

DATA TTCHRLI/ZYRADI',"ATIN','G TE','MPER',"ATUR",'E QF'," COP','PER ', 'COAX", " ',2%0./

DATA TTCHRZ/TRADIT,'ATIN','G TE','NPER',"ATUR','E OF',' 0.2',7 [i1 ", "COPP",'ER C',"04AX ', v
DOUBLE PRECISION RAD,R2ZRL,R4R3X .

CABL=50,

PI=3.1416

RESISTIVITY OHM METER;DENSITY GRAM/CUBIC METER
DATA CRES,CDENS/1.77E-08,8.96E06/

TEFLOH DENSITY GRAN/CUBIC METER; RELATIVE DIELECTRIC CONSTANT;
DATA TDEHNS,TDIEL,TSTRNG-/2.2E06,2.2,16,9E067/
THERMAL CONDUCTIVITY WATTS/METER/DEG C

DATA TTCHDs .25/

VOLTS5=1806.

CURRNT=100.

POMER=VOLTS*CURRNT
AREAT=PI*®(RAD(Z2)*%2-RAD(1)IX¥%2)
AREAG=PIX(RAD(G)X%2-RAD{3)%%2)
AREAS-PIX(RAD(GIXX2-RAD(B)Ix¥%2)
CMASS=(AREATI+AREAQO+AREASI*CADL*CDENS
AREAD=PI¥(RAD(3)X¥¥2-RAD(2)%%23+PI*¥(RAD(SIXX2-RAD(4)%%23
TMASS-AREADXCABL*TDENS
RDC=CABL*CRESX{1./7AREAI+1./7AREAD)
SKIN=503.%SQRT(CRES/FREQ)
RAC=ADC®(RADCZ}-RAD(L))I/SKIN
RIMAX=RAC/(1.-EXP({~(RAD(Z2)-RAD(1))I/SKIN)?
CONDCT=1./RIMAX

PUHRRES=RMAX¥CURRNT*¥2

PURRAT=PWRRES/POWER

PLRPN=PIIBRES/CABL

RLOG=ALOG(RAD(C3II/RAD(2Y)
R5LOG=ALOG(RADL(SI/RADIG))
PWRPMI=FPLUNRFMXRAD(33/(RAD(2Z2}+RAD(3)}
DTEMP=(PHURPMI¥RLOG+PLHRPIXRSLOGIZ{2_¥PIXTTCND)
EMIS=0.5

SIG=5.67E-08

TSINK=273.
TRADK=DTEMP+SQRTISGRT(TSINK®XG+PURPM/ (2. XPI%RAD(HIXEMISHSIGII)
TRADC=TRADK-273.

TSINIC=TSINK-273.

VITAX=TSTRHGHRAD(2I%RLOG

DIELECTRIC STRENGTH VOLTS/METER



Calculation Subroutine for Coax (continued)

co05500 VSMAX=TSTRNGXRAD(41%RSLOG

G0055010 TCaND=0.

0005700 G=2.%¥PI%TCONDsRLOG

2pos3co € INDUTTA H“E 0F POLIER LIHE (HEMRYS) AND CAPACITAMCE (MFD)

gocss00 ERZRI=EXPI(RAD(LII-RAD(2J)/5KIM)

DCo6090 SEX27D.

0005100 DRAD=(RADC(Z2)-RADC1))/50.

00a6209 BG 59 INT=1,93%,2

0006300 RX= RnD(lJ+FLOAT(IHTJ* 5XDRAD

goo0s400 ERZX=EXP((RX-RAD{21)/5XIH)

0206500 FX={ERZX~-ERZ2R1)/(1.~-ERZR1)

DO0J65620 50 SFEXZ2=S5FRZ+FX¥¥2/RX

0606700 AINDI=2 . E-07*CABL¥SFX2*DRAD

0006803 ERGAI-EXP({RAD(3)-RAD{4)3I/SKIN)

00069080 SFEX2=0.

96G70c09 DRAD=(RAD(4)-RAD(3))/50.

00171460 B0 75 INT=1,99,2

goo7200 RX=RADCII+FLOATCINT )X . 5%DRAD

0607309 EXRI=ZEXP((RADCII-RXI/SKIN)

0007400 FX=(EXR3I-ER4R3)/(1.-ER4R3)

0007500 75 SFX2=SFX2+FXX%2/RX

Jgoo7600 AINDO=2.E-07*CABLXS5FX2%DRAD

0037700 ATHNDCT=AINDI+2 _E-D7*RLOGXCABL+AINDO

coovaca RZR1=RAD(2)I%%Z2-RAD(1)%%2

0007900 DINDI=CABL*(2.E-07/R2R1)X(RAD{1%¥4XDLOG{RAD(2)/RAD(1}I/R2R1I+.25%RAD(2 %2~ . 75%RAD{1)xx2)
0003000 R4R3I=RAD(4I¥%2-RAD(3)x%2

ooo&lee DINDO=CABL*(2.E-07/RGRIIX{(RAD(GI¥XG/R4RII*DLOGIRAD(GI/RAD(3II I+ . 25%¥RAD(3I*%2- . T5¥RAD(4I%X2)
goodzon DCIND=DINDI+2.E-07%¥RLOGXCABL+DINDD

opoason CAP=E55.56E-12%TDIEL*CABL/RLOG

003400 C CHARACTERISTIC IMPEDANCE,ZO0; CHARACTERISTIC ADMITTANCE,YO

0003560 ZO=SQRTCAINDCT/CAP)

Qo500 YO=S5QRT(CAPAAINBCT?

cods8700 C COMPLEX INDUCTANCE,CIND; COMPLEX CAPACITAMCE,CCAP

0008800 COMPLEX CIHD,CCAP,d .

0008500 DATA Jr(C0.,1.27

ge0Js000 CIND=AINDCT+RMAX/(J%2 %PIXFREGQ}

0039100 CCAP=CAP+G/(Ux2 XPIXFREQR)

0003230 100 FURWAT (1H1,-

00g%3co X IH {ER CONDUCTOR RADII OUTER COWNDUCTOR RADII SHIELD RADII'/-
00094C0 X ' INSIDE '"3PF9.2,' MM INSIDE '3PF9.2,' NI INS5IDE "3PF9.2,' MMN'/-
CO0%530 ® 7 0UTSIDE'3PF9.2.' MM OCUTSIDE'3PF%.2,* MM OUTSIDE*3PF9.2," N/~
0039600 ¥ ' VDLTAGE T0PF7.0," YOLTS'/~

0009700 ¥ ' CURREHNT 'OPF7.1,' AMPERES'/-

0009800 ® ' FREQUENCY "OPF7.0,' HERTZ'/~

0tl2%00 ® ' POWER T-3PF7.0," KILOWATTS? /-

001307040 * ' CABLE LENGTH TOPF/7.1," MTIERS'/2

0010l00 WRITE (6,100 RADC1),RADC3),RAD(5),RAD(2),RADC4),RAD(6),VOLTS,CURRNT,FREQ,POMER,CAZL
5010233 200 FORNAT (-

TL010300 ¥ ' COPPER MASS '=3PF7.1,Y KILOGRAMSY /-

0012400 X ' TEFLON MASS '-3PF7.1,' KILOCRANST/-

0016560 ¥ ' DC FORMULA RESISTANCE'CPF&6.4,' QHNS'/-

0010620 ¥ ' AC FORMULA RESISTANMCE'GFFS.4," QHNMS'/-

63107030 ¥ ' RESISTANCE 'OPFT .4, OHISY/-

20108079 ¥ ' COMDUCTANC 'OPF73, Y MHAST /-
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Calculation Subroutine for Coax {continued)

RESISTIVE POWER YOPF7.
PERCENT POWER LOST Y2PF7.
POWER PER METER YOPF7.

TENPERATURE RISE ‘8PF7.
RADIANT TEMPERATURE 'CPF7.,
SINK TEMPERATURE TGPF7.
DIELECTRIC STREHGTH 'OPF7.
SHIELD DIEL STRENGTH'OPF7.
WRITE {6,200) CITAS5,THMASS,RDC

360 FORMAT(-

KKK KK

*
*
¥
*

425

3
¥
¥
¥
H
¥
E
3

55¢@

SHUNT CONDUCTANCE '*QPF7.6
IHDUCTANCE *6PF7.3
CAPACITANCE TOPF7.3
b
3
3

DEPTH OF PEHETRATIDN'3PF7

INHER THDUCTANCE TOPF7.

QUTER IHDUCTANCE *OPF7

W b et et e B )

Tlw v m o owom o m

¥
¥
¥
r’
»
¥

WATTST7-

PERCENT'/-

HATTSY /-

DEG C' /-

LzG Ctr7-

DEG C'v/-

YOLTS Y/~

VOLTSYY/)

AC,RMAX,CONDCT , PWRRES, PURRAT, PWURPM,DTEMP, TRADC, TSIHNKC, VMAX, YSMAX

* MHOST/-
' MICROHENRYS'/-
Y MICROFARADS '/~
1 ‘:H!x-
' MICROHENRYS'/-
P MICROHENRYS'/)

- m a m - a =

WRITE (6,300)G,AIHDCT,CAP,SKiH,AIHDI.AIHDU
400 FCRMAT(-

WRITE (6,400) Z0,YQ,CIND,CCAP

CHAT . IMPEDANCE
CHAR, ADMITTAHMCE

YOPF7.3," DHMS'/~
*OPF7.3," NMHOS'/-

CONPLEX INDUCTANCE '6PF7.3,6PF7.3,' MICROHEHRYS /-
COMPLEX CAPACITANHCE '6PF7.3,6PF7.3,' MICROFARADS'/)

CONVERSION 7€ EVUGLISH UNIYS
DO 425 I=1.,6
ERAD(IY=39.37%RAD(I}
PURPF=PLIRPI%12./39.,37
ECMASS=ClIASS/454
ETMASS=TIIASS /454
ESKIN=39.37%SKIM
TRADF=TRADC®1.8+32.

500 FORMAT (-

+

- e m = .

INHER COHDUCTOR RADIT
INSIDE 'O0PF9.4, ' INCH
QUTSIDE'OPF9.6, ' IHCH

COPFPER MASS YOPF7.
TEFLOM MASS "OPF7.
POYER PER FOOT TOPF7.

RADIANT TEMPERATURE '0PF7.
DEPTH OF PEHETRATIOH'OPF7.
WRITE (6,500) ERAD(1I,ERAD(3)

IP=IR1-4
JP=IR1-4+26%IFREQ/10000C

IF(IFREQ.GT.10068.) GO TO 550

XCIP)I=1000,%¥RAD(1)
Y(IP,ID}=1./RDC
YICIP,ID)=DCIND*]1.EQG
YR{IP,1ID)=RDC

YP(IP, ID)=RDC¥CURRHT*¥2
YM{IP,ID)=TMASS/1000.4+CHMASS/1000.

YTCOIP, ID)=SQRT(SQRT(TSINKK#4+RDC#CURRNTX¥ 2/ (CABLX2XP IXRADCAIXEMISXSIGY)I-273.

YICIP+26, IDI=CMASS571000.
YRCIP+52,ID)=THASS/1000.
Y(JP,ID)=COMDET

OUTER CONDUCTYOR RADII SHIELD RADII'/-

IH3IDE 'OPF9.4, ' IHCH INSIDE '0PF2.4, ' IMCH's-

OUTSIDE'OPF9.4, * IHCH QUTSIDE'OPFS.4, ' INCH'/-
' POUNDS'/~
* POUNDS /-
PURTTIS Y -
L DEG Fl/-—
' THCH')
P
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Calculation Subroutine for Coax (concluded)

gols300 YICJP,ID)=AINDCT*]1. EQ6

0016400 YCUIP,ID)=CAPx®],EQ6

0016500 YROJP, IDI=RITAY

0016600 YP(JP,ID)=PLIRTIES

C016730 YYOJP,ID)=TRADC

0016800 IFCIFREQ.NE.30000. .0OR. IP.NE.Z26 .0R. ID.KE.2) RETURN
0016900 600 CALL PLT26(X,Y¥(1,1),TCHAR],]1)
C0l7000 CaLl PLT26(X,Yi(1,1),TNCHRY,2)
0017100 CALL PLT26(X,YI(1,1),TICHRI,3)
colz7z2o00 CALL PLT26(X,¥C(1,1),TCCHRL.4)
0017300 CALL PLTZ26(X,YR(1,1),TRCHRY,5)
0017500 CALL PLTZ26(X,YP(Ll,1),TPLCHR1,6)
0017500 CALL PLT26(X,¥YT(1,1),TTCHR1,?)
0017600 RETURH

0017700 E}D
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00C0100
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0800400
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0000500
0000700
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Calculation Subroutine for Stranded Coax

SUBROUTINE STINT(RAD,FREQ,IR1,IFREQ,ID)

DIMENSIDH RAD(C6),ERAD(S)

DIMENSIQOH X(263,Y(104,2),YM(78,2),YI(104,2),TICHR1I(10},YC(26,2),TPCHRIC(10),

DINENSIOHN TCHHRl(lUJ TCH”PZ(lD) THCHQI(IU) T1CH“2(10J TCCHRl(lO) TCCHR2(10)

DIMEMSION TRCHR1(10),TRCHRZ(10),YRCI04,2),TTCHRI(12), TTCHQ2(12) YT(I 4,2)

DATA TCHAR1/'CODHD', "DED ' ‘q./

DATA TCHAR2/'CUWD', M ST',

DATA TMCHR1/'MASS',' OF ! X "LG%0./

DATA THMCHR2/TMASS',' QF ! LM ST, 'TRANT, YDED ', TCOAX',3%0./

DATA TICHR1/*IHDU',"CTAN','CE D','F ST','RAND',"ED C*,'0AX T',3%0.7
»

"OCTA?, 'NCE ', "OF S,
,"OF 07,

'HDED';'

‘YRAW'
.2 MY,
COA"

a
, *COAXT, " v, o
T

TUCTAY,"HCE * TRAHND','ED C*,
'STRA';

'0.2

¥ ¥ ’

? Ld ’

DATA TCCHRYZ'CAPAY,'CITA*,'NCE '",'0OF S',"TRAH","DED ', *COAX","* Y,2%0.7
DATA TRCHRL/'RESI',"STIV',"ITY ','0F S","TRAN',"DED ', 'COAX",? ',2%0./
DATA TRCHRZ2/'RESI","STIV',"ITY *,'0F D','.2 M",'™ ST",'RAHD','ED C',"0AX ',0./
DATA TPCHR1/'POHE",'R LD','S5 D','F ST',"RAND',"ED C','0AX ',3%0./
DATA TPCHRZ/T"PQUE', 'R LO','SS O','F 0.","2 MN',

DATA TYICHRL/*RADI','ATIH','G TE','HPER','ATUR’,

DATA TYCHR2/*RADI', "ATIH','G TE','IMPER',"ATUR®,

DOUBLE FRECISIOH RAD,R2R1,R4R3

CABL=50.

PI=3.1%16

RESISTIVITY OHI METER;DENSITY GRAM/CUBIC METER

DATA CRES,CDENS/1.77E-08,8.96E06/

TEFLON DENSITY GRAM/CUBIC METER; RELATIVE DIELECTRIC COMSTANT;
DATA TDENS,TDIEL,TSTRHG/2.2E06.2.2,16.9E06/

THERMAL COHDUCTIVITY WATTS/METER/DEG C

DATA TTCHDs.257

VBLTS=1000.

CURRNT=100.

POHER=VOLTS¥CURRNTY

RADZ1=RAD(2)-RADC(1)

NI=2.%PT¥RAD(1)/7RAD21

HO=2 .%XPIXRAD(3)/RAD21

H5=2 . ¥PTXRAD(5)/7RAD21

AREAT=NIXPI*(RAD21/2.)%%2

AREAD=NOXPI®(RADZ2L/2, )%x2

AREASFHS*PI¥{ (RAD(6)Y-RAD(5))/2.)%%2
CHASS=(AREAI+AREAD+AREASIXCABL®CDENS
AREAD=PIX(RAD(5)*x2-RADC1}*%2)-(AREAT+AREAQ)
THASSTAREADXCABL*TDENS

RDC=CABL®CRES*(1./7AREAT+1,/AREAD)
FS=AREAD/(PI#{RAD(4)*¥2-RAD(3II%x2M)
SKIN=503.%SQRT(CRES/(FS®XFREQ))

RAC=RDCH(RADZ21/5KIK)

RMAX=RAC/(1.-EXP(-RADZ21/5KINY)

CONDCT=1./7RMAX

PHERESTRMAXXCURRNT%*2

PHRRAT=PURRES/POUER

PURPI=PURRES/CABL

RLOG=ALDG(RAD(3II/RAD(2))

RS5LOG=ALOG(RAD(5I/RAD(4))
PURPHMI=PURPIXRAD{3Z )/ (RAD(2)4RAD(3))
DTEMP=(FPURPMIXRLOGH+PUHRPM*RSLOB) /(2. ¥PIXTTCRD)

EMIS=0.5

SIG=5.67E-D8

' STR', "ANDE',
"E OF',!
|E OF!"

‘D Ca','AX ',0./
STRY,YAUDE', "D CO',"AX 1,2%0./
B.2'," MM ","STRA','NDED',' COA','X ty

DIELECTRIC STRENGTH VOLTS/METER



0005500
0005500
eoes78d
D0C5E800
0e05900

WP MN— OO0~ PpwWN—o
COoOOOoOoOoOoOoOOoooooO
OOOoOOOOoOROOOoOoOoOOO

¢e

oo~ o
cooa
oo

L= e e == - . e e - N R P NN NN F_ Y P NN ¥ NN~ NN Y]
COCDUoOOoOOUNRNOUOoODoOODOoO0oOoO0oO0oLODDOOoOoOUOODRODoOUOOUOOoODARCa
HE R A e e e =~ H D O DO OO o000 oS OoOMmeoOoOoCCOoOOoOOo00 S o ooOdDoT o O 0O oOoOO WO OO
DD OO Y D WD DD WD D N D D 00 00 GO 0D 00 G G300 00 00 = = = med el mad el ) ] O O O O O U O O O O

L~ D = DRI DM = OO 00 )0 D DD
DO OoIDO0OMDOOoOOOD D OO0 OO OO0 oS
CODODoOOODOOLODDLDOOOoOCOCDoODOOoOOOOQO OO O

Calculation Subroutine tor Stranded Coax {continued)

TSIHK=273.
TRADK=DTEMP+SQRT(SORTUTSINKXXG+PURPM/ (2, ¥PIXRAD(6IXEMISNSIGY))
TRADC=TRADN-273.
TSIK{C=TSIHK-273,
YMAX=TSTRIGRADI(ZI%RLOG
YSMAX=TSTRNGXRAD(4IX¥RSLOG
TCOHD=0.
G=2.#PI%TCOND/RLOG
INDUCTANCE OF POMER LINE (HENRYS) AND CAPACITAHCE (MFD)
ER2R1=EXP{(RAD(1)-~RAD(2))/SKIH)
SFX2=0.
DRAD=(RADC(2)-RAD(1))750.
L0 50 INT=1,99%,2
RX=RAD(II+FLOATCINT)I X, 5%DRAD
ERZXZEXP (L{RX-RAD(2))/5KIH)
FX=(ER2X-ER2R1)/(1.-ER2R1)
50 SFX2=SFXZ2+FX%%2/RX
AIMDI=2 . E-07*%CABLXSFX2XDRAD
ER4R3=EXP((RAD(3)-RAD(4)}/SKIN)
SFX2=0.
DRAD=(RADC4)-RAD(3))/50.
b0 75 IHT=1,99,2
RX=RAD(3II+FLOATC(INT )% .5%DRAD
EXRIZEXP((RAD(3)-RX)/SKIN)
FX=(LXR3I-ER4R3)/{1.-ER4R3)
73 SFXZ2=5FX2+FPXX%2/RX
AINDO=2,E-07XCABL*SFX2%DRAD
AINDCT=ATIHDI+2 E-Q7*RLOGHCABL+AINDO
RZR1=RAD(2)®¥2-BAD() ) xx2
DIHDI=CABL*¥(2.E~-07/R2R1IX(RAD(1)%¥4*DLOG(RAD(2)/RADI1))I/R2R1+.25%RADI2)%%2~ T5XRAD(1)I%X%2)
R4RI=RAD(G)IXX2-RAD(3)%x2
DINDO=CABL ¥(2.E~-07/R4R3IIX((RAD(4)}%%4/R4R3I)IXDLOG(RAD(4}/RAD(3))+.25%RAD(3)%%2- . 75¥RAD(4)*%2)
DCIND=DINDI+2.E-07%RLOGXCARBL+DINDOD
CAP=55.56E~12%TDIEL*CABL/RLOG
CHARACTERISTIC IMPEDANCE,Z%; CHARACTERISTIC ADMITTANCE, YO
Z0=3QRT(AINDCT/CAP)
YO=SQRT(CAPZALIRDCT)
COMPLEX IWDUCTAHCE,CIHND; COMPLEX CAPACITAKCE,CCAP
COMPLEX CIHD,CCAP,J
DATA J4s(0.,1.)/
CIHND=ATINDCT+RNAX/(JX2 . ¥PI¥FREQ)
CCAP=CAP+G/ (Jx2 NPIXFREQ)
100 FORMAT (1IHI1,-

¥ ' THNER CONDUCTOR RADIT OUTER CONDUCTOR RADII SHTIELD RADII'/-

¥t O TMSIDE '3PFG.2,' MM INSIDE '3PF9.2,' MM IHSIDE '3PF9.2,' MMT/-
¥ * NUTSIDE'3PF9.2," MM QUTSIDE'3PF9.2," N OUTSIDE'3IPFS.2," [Uitr/-
¥ ' ULl TAGE *OPF7.0," VOLTS's~-

¥ ' CURRENT YOPF7.1," AINPERES's~

¥ ' FREQUERCY TOPF?.0," HERTZ'/-

x ' POVER *-3PF7.0,' KILGMATTS /-

¥ ' CADLE LENGTH '*OPF7.1,' METERS'/)

50 WRITE (6,100 RADCL),RADC3),RAD(5),RAD(2),RAD(%),RAD(6),VOLTS,CURRNT, FREQ,PCGWER, CABL
D FORMIAT (-
¥ ' COPPER MASS T-IPF7.1,' KILOGRANG's~



Calculation Subroutine for Stranded Coax (continued)

00109489 ¥ T TEFLON MASS *-3PF7.1," KILOGRAMS'/-

0611000 * ' DC FORMULA RESISTANRCE'QPF6.4," CHMS'/-

0011109 ¥ ' AC FORMULA RESISTANCE'QPF6.4," OHMS'/-

0811200 ¥ ' RESISTANCE TOPF7 .4, QUlIS'r/-

0011300 ¥ ' CONDUCTANCE YOPF7.3, " MUDSY/-

0011400 ¥ ' RESISTIVE POUER 'OPF7.1," UATTS'/~-

08115090 % ' PERCENY POMWER LOST '2PF7.2,' PERCENT'/-

09116800 ¥ ' POWER PER METER YGPF7.2," HATTS'/-

0011700 ¥ P TENPERATURE RISE 'O0PF7.2,' DEG C'/-

0011800 * ¥ RADIANT TEMPERATURE 'OPF7.1,' DEG C'/-

0011500 ¥ ' SINK TEMPERATURE "OPFY.1,Y DEG C'/-

0f0l2000 x ' DIELECTRIC STRENGYH *OPF7.1," VYOLTS'/-

0012100 ¥ ' SHIELD DIEL STRENGTH'OPF7.1,' YOLTS'/)

¢0l12200 WRITE (6,200) CHASS,TIASS,RDC,RAC,RIIAX, CONDCT ,PWRRES, PURRAT,PWRPM, DTEMP, TRADC, TSINKC, YMAX, VSMAX
0012300 300 FORMAT(-

00124080 k ' SHUHT COKDUCTAHNCE 'O0PF7.6, ' MHOST/-

0612500 ¥ v INDUCTANCE *6PF7.3," MICROHENRYS'/-
0012600 ¥ ' CAPACITAINCE *6PF7.3,' MICROFARADST/-
0012760 ¥ ' DEPTH OF PEHETRATION'3IPF7.6,"' {1M'/~-

0012308 % T INMER IMDUCTAMNCE T6PF7.3,' MNICROHEHRYS'/-
0012900 ¥ ' QUTER IHNDUCTANCE *OPF7.353,' MICROHENRYS'/)
0013000 WRITE (6,3002G,AIHNDCT,CAP,SKIH,AINDI,AIHDO

0013100 400 FORMAT(-

g0i3zag ¥ ' CHAR, IMPEDANCE 'GPF?7,.3," QHMS'/-

0013300 ¥ ' CHAR. ADMITTANCE *GPF?.3,' MHOS'/-

8013408 % ' CONMPLEX IHDUCTANCE '6PF7.3,6PF7.3," MICROHENRYS'/~
0013500 ¥ ' COMPLEX CAPACITANCE T6PF7.3,6PF7.3,' MICROFARADS'/)
0013600 WRITE (6,600) Z207,Y0,CIND,CCAP

0813700 € COHVERSION 7O ENGLISH URITS

0013300 DO 425 I=1,6

0013900 625 ERAD(I)=39,.37%RAD(I}

0614000 PURPF-PLRPM%12./39, 37

6014100 ECMASS=CHASS /454

0014200 ETMASS=TMASS/454%

0014380 ESKIN=39,37%5KIN

0014400 TRADF=TRADCK1.8+32.

0014500 500 FORMAT (-

0014600 * IHHER CONDUCTOR RADII CUTER CONDUCTOR RADTI SHIELD RADII'/-
6014700 ® ' INSIDE 'OPF9.4, ' IHCH INSIDE 'OPFG.4, ' INCH INSIDE '0PF9.6, ' INCH'/s-
0014800 ¥ ' QUTSIDE'OPF9.4, ' INCH OUTSIDE'OPF9.4, ¥ INCH QUTSIDE'OPF9.4, ' IHCH'/-
00143960 % ' COPPER MASS *O0PF7.1," POUNDS?'/-

0015800 ¥ ' TEFLON MASS *OPF7.1,' POUNDS'/-

0015100 ¥ ' PCHER PER FUOOT TOPF?.3," WATTS'/-

0015208 ¥ ' RADIANT TEMPERATURE 'CGPF7.1,' DEG F'/-

06015300 ¥ ' DEPTH OF PENETRATIGH'GPF7.4,T IHCH*)

60l5400 WRITE (6,500) ERAD(L1),ERAD(3),ERAD(5),ERAD(2),ERAD(4),ERAD(6),ECMASS,ETMASS,PWRPF, TRADF, ESKIN
0015500 Ip=IRl-4
_0615648¢ JP=IRL-4+26%IFREQ/10000

0015700 IF(IFREQ.GT.10080.) GO TO 550

00158890 X(IP}=1000.%RADC(1)

0015900 Y(IP,ID)=1,/RDC

0016000 YI(IP,ID)=DCIND*1,EQ%

0015100 YR{IP,ID)=RDC

ggls26¢ YP(IP,ID)=RDC¥CURRHNT*®x2



¥e

Calculation Subroutine for Stranded Coax {concluded)

0016300 YMOIP,ID)Y=TMASS5/1000.+CMASS,1000,

00164CH YTCIP,ID)=SART(SQRT(TSIHN¥XG+EDCCURRNT %2/ (CABL ¥2%PI¥RAD(GIXEMIS%SIG) ) )-273.
00155C30 YrCIP+25, ID)=CHASS/1000.

GG16600 YH{IP+52,ID)=T11ASS/1C00.

00167673 550 Y(JP,ID)=COHDLCT

G015880 YI(CJP,IDY=AINDCT®1.EQ6

G016307) YCCIP,IDY=CAP¥] E0%

001704339 YROJP,ID)=RNAK

6017103 YP(JP,ID)=FLIRNES

¢0172192 YTCJP,IDI=TRADC

§0173070 IF{IrneEn . HE, 30100, .QOR. IP.NE_26 .DR. ID.NHE.2) BETURH
0017400 600 CALL PLT26(X,Y(1,1),TCHARL, 1)

go0r7507 Call PLT26CK,YM(1,1),THTHRL, 2D

0017500 Chlb PLT25(X,YI(1,1),TICHNL,3)

eel7700 CALL PLTZS{X,YC(1,1),TCCHRL,4)

0317320 CiLlL PLTZ6(X,YR(1,1),TRCHRL,5)

relTenn CrLL PLT2H0,YP(L1,2),TRCHRL,6)

Coliuid CALL PLTES 0, YTLL,1),7I1CHL,7)

ngls1an neTURL

§3152¢C0 END
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Calculation Subroutine for Parallel Lines

SUBROUTTINE PRLINT(RAD,FREQ,IR1,IFREQ.,ID,LSPACE)
DIMEHSIDHN RAD(6),ERAD(6)

DIMEHSIOH X(26),Y(104,2),YM(78,2),Y1(26,%4,2),TICHRIC10},YC(26,%,2),TPCHR1(10), TPCHR2¢(10),YP(104,2)

DIMEHSIQN TCHAR1C(C1l0), TCHnRZ(IU) Tﬂ”P”l(lO) TuCH”Z(lGJ TCCHR1(10), TCCHR2(10)
DIMENMSIOH TRCHR1{10),TRCHRZ2(10),YR(104,2), TTCH°1(12) TTCHR2(12), YT(IUQ 2)
DATA TCHAR1/'COMD',"UCTA',*HCE *,'OF P',"ARAL',"LEL ' +'LIHE", S .2*0 /
DATA TCHARZI'CUHD','UCTA',‘HCE '.'UF ﬂ',¢.2 MY, "M PAY,"RALLY,YEL L', 'IRES",0./
DATA TMCHRLI/Z"MASS'," OF ','PARAY,"LLEL'," LIN','ES ',4%0./
DATA TMCHR2/7'MASS'," OF ','0.2 ','MM P',TARAL",'LEL ","LIHE'.,"'S
DATA TICHR1/'IHDU','CVAN','CE O",'F PA','RALL","EL L', "INES',3%0./
DATA TCCHRY/Z'CAPA*,'CITA',"HCE ','0F P',"ARAL",TLEL ', "LIKE', 'S

r ¥ ¥

¥ L »
»

: 'L.2%0 ./
DATA TRCHR1/'RESI! YITY ':'UF P*,YARALT,"LEL ':'LINE'.'S
» ’

rL,2%0./
VL,2¥0 ./
DATA TRCHRZ2/'RESI" YITY YL,'0F 0','.2 M',"M PAY,"RALLY,"EL L', "IHES"
DATA TPCHR1/'*POUIE®, 'R LD*,*'SS O','F PA',"RALL','EL L","IHES',3%0./

DATA TPCHRZ2/'POMET, LT85 D'L,F 0., '2 MM, PARY,TALLE',"L LI',"HES °
DATA TTCHR1/'RADI', 'ATIN'.'G TE',"MPER', "ATUR",'E QF'," PARY,'ALLE','L LI*,
DATA TTCHR2/'*RADI", *ATIN','G TE','MPER','ATUR','E OF" *' MM 'LYPARAY .,
DOUBLE PRECISIOH RAD.RZRl

RAD(1) IHHER RADIUS OF CONDUCTORS; RAD{(2) OUTER RADIUS OF CONDUCTORS

RAD(3} QUTER RADIUS OF DIELECTRICS; RAD(6) CEHYER Tf CENTER SPACIHNG
CABL=50.

PI=3.1416

RESISTIVITY DOHM METER;DENSITY GRAM/CUBIC METER

DATA CRES,CDENS/1.77E-08,8.96E06/

TEFLON DEHSITY GRAM/CUBIC METER; RELATIVE DIELECTRIC CONSTANT;
DATA TDEHS,TDIEL,TSTRNG/2.2E06,2.2,16.3E06/

DATA EMIS,SIG,TSIHK/0.5,5.67E~-03,273.7/

THERMAL COMDUCTIVITY WATTIS/METER/DEG £

DATA TTICHD/ .25/

VOLTS=1000.

CURRHT=100.

POHER=VOLYS*CURRRTY

AREATI=PIX(RAD(2)I%X2-RAD(1)%¥%2)

AREAS-PIX{RAD(4)IXX2-RAD(3II*%2)

CHMASS=2 . % (AREAYI+AREAS)*CABLXCDEHNS
AREAD=PI¥(RAD(IDX¥Z-RAD(2)I%%2)

THASS=2 . XARFEAD#CABL*TDENS

RDC=2_%CABLYCRES/AREAIL

SKXIN=503.%SQRT(CRES/FREQ)

RAC=RDC*((RAD(2)-RAD(13))/5KIN)}
RIAX=RAC/(1.-EXP{(-(RAD(2)-RAD(1II/SKINY)

CONDCT=1./7RMAX

PURRES=RIMAX=CURRHT %x2

PHRRAT=PLIRRES/POLER

FURPM=PHNRREES/CAEL

RLOG=ALOGIRAD(II/RAT(Z))

DTENP=-PLRPIXRLOG/ (4. XPIXTTCND)
TRADK=DTEMP+SQRTISQRT(TSINK®XG+PLIRPM/ (6. XPIXRAD(GIXEMISXSIG)))
TRARBC=TRADK-273.

TSIHKC=TSINK-273.,

YMAX=TSTRHG*#RAD(2)%RLOG

TCoHb=0.

GIPIXTCOHRD/RLOG

IHDUCTANCE OF POMER LINE (HERRYS) AND CAPACITAHCE (MFD)

2 0.7

0.7
THES *,2%0./
TLLEL"," LINHY,

0.2, 'ES '/

DIELECTRIC STRENGTH VOLTS/METER
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Calcutation Subroutine for Parallel Lines {continued)

0005500 ERZRI=EXPC(RAD(1)-RAD(2)}/5KIN)

2005500 SFEX2=0.

0pD5730 CRAD=(RAD(Z2)-RAD(1))/50.

pres30n DD 50 INT=1,99,2

6005900 RY=RADCI)+FLDATCINT )X _5¥DRAD

0006000 ER2X=EXP((RX-RAD(2))/5KIN)

0006109 FX=(ER2X-ERZR1)/(1.~ERZR1)

0006200 50 SFXY2-SFX2+FX%%2/08X

0005300 ATHDI=2 E-07%CARLXSFX2%DRAD -
r005400 DCOSH=ALOGIRAD(G6) /(2. %¥RADC2) I+5CRTC(RAD(GY /(2 . ¥RADC2)3)¥%2-1.))
0006500 AINDCT=2 . %AIHDI+G . E-07%DCOSHXCASL

0006600 CAP=27.78FE-12%CABL/DCOSH

0006700 CHARACTERISTIC INMPEDANCE,Z20; CHARACTERISTIC ADMITTAMCE,YO
006800 ZO=SQRT(AIHNDCTZCAR)

0006990 YD=SQRT(CAPZAINDCT?

00D7000 COMPLEX IMDUCTAMCE.,CIND; COMPLEX CAPACITANCE,CCAP
poozige COMPLEX CIND,CCAP,J

gn07200 DATA J7CQ.,1.})/

0007300 CIND=AIHDCTHRMAX/ (J%2 . %¥PI%XFREQ)

0007400 CCAP=UAPFG/ (22 . ¥PIXFREQ)

0007500 FORCE BETLIEEN COHDUCTORS

0007600 FMAG=2.E-07%CURRYT*¥2/RAD(S)

Gu07700 FEMAG=FIMAG*(2.2/9.8)%(12./39.37)

0807800 100 FORMAT (1H1,~-

8007900 ¥ ' IHHER CONCUCTOR RADII SHIELD RADII's-

0008000 ¥ ' IHNSIDE '3PF9.2,' I'M IMSIDE *3PF9.2," MM'/-
0003100 ¥ * DUTSIDE'3PF9.2,' MM OUTSIDE'3IPF9.2,' MM'/-
0003200 ¥ ' CENTER - CENTER DIST'3PF7.2,' M1's-

0008330 X ' YOLTAGE ‘OPF7.0,' YOLTS'/-

0008400 X " CUBRENT 'GPF7.1,' ANPERES'/-

n003500 ¥ ' FREQUENCY *O0PF7.0,' HERTZ'/-

go08600 ¥ ' POUER "-3PF7.0," KILOUATTS'/s-

00037080 % ' CABLE LENGTH YOPFZ.1,"' METERS'/)

4008300 WRITE (6,100) RADCL),RADC3),RAD(2),RADC4),RADCG),VOLTS, CURRNT, FREQ, POWER, CABL
0008900 200 FORMAT (-

00059002 ¥ ' COPPER MASS *-3IPF7.1,' KILOGRAMS'/~

0009100 ¥ ' TEFLOH MASS '-3PF7.1,' KILOGRAMS'/-

00C92080 ¥ ' DC FORMULA RESISTANCE 'OPF5.4,' QUNS'/-~

0009300 ¥ ' AC FORMULA RESISTANCE "0PF5.4,' Oi'MS'/-

0036400 ¥ ' PESISTANGE "0PF7.5," OHNS'Z-

0009520 ¥ ' COMDUCTANCE *0PF7.3," MHOS'/-

Co09508 x ' RESISTIVE POMER 'OPF7.1," [IATTS'/-

0009700 ¥ ' PERCENT PQWER LOST '2PF7.2,' PERCENT'/-

0009800 ¥ ' POUER PER IMETER YOPFE7.2," UATTS '/~

Cons909 ¥ ' TEMPERATURE RISE 'QPF7.2,' DEG C'/-

g010800 ¥ ' RADIANT TEIPERATURE '0PF7.1,' DEG C'/-

gol0lo08@ X ' SIN. TEMPERATURE *O0PF7.1,' DEG C's-

_0010200 ¥ ' DIELECTRIC STRENGTH '"GPF7.1,' VOLTS'/Z)

0010300 MRITE (6,208) CMASS,TMASS,RDC,RAC, PMHAM, CONDCT, PYRRES, PWRRAT,PWRPM, DTEMP, TRADC, TSINKC, VMAX
0210400 300 FORMAT(-

00105320 X v SHUNT COMDUCTANCE *OPF7.6, ' MHOS'/-

0810400 ¥ ' INDUCTAMC '6PF7.3,' MICROHENRYS /-

ce107¢0 ¥ ' CAPACITANCE YEPF7.3," MICROFARADS '/~

C0103420 %¥ ' DEPTH OF PEMETRATICH'IPF7.%," tuit/-
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Calculation Subroutine for Parallel Lines {concluded)

® ' IHNER THDUCTANCE Y6PF7.3," MICROHENRYS'/)
WRITE (6,300)G,AIHDCT,CAP,SKIN,ATHDI
400 FORMATI(-

® ' CHAR., IMPEDAYCE YOPF7.3,' OHIS1/-

' CHAR. ADMITTAMNCE TOPF7.3, " MHOS /-

¥ ' COMNPLEX THDUCTAHCE ‘*6PF7.3,6PF7.3,* MICROHEHRYS'/-
¥ v COMPLEX CAPACITAHCE '6PF7,3,6PF?.3,* MICROFARADS'/~
¥ ' MAGHETIC FORCE POPFY.5, " HANM'y-

¥ ' MAGHLCTIC FORCE 'OPF7.5," LBS/FT'/)

HRITE (6,400) 20,Y0,CIHD,CCAP,FMAG,FENAG
COHVERSIOHN TO EMGLISH UHITS
DD 425 I=1,6
425 ERAD{T)=39,37¥RAD(I)
PURPF=PLIRPMX12.,39.37
ECHMASS=CHMASS/454
ETMASS=TMASS/454
ESKIN=39, 37%SKIH
TRADF=TRADC*1.8+32.
500 FDRHRT (-

¥ INHER COMDUCTOR RADII SHIELD RADII'/-

¥ * JHSIDE '"OPF9.4, ' IMCH INSIDE 'OPF9.4, * THCH'/~
¥ * DUTSIDE'OPF9.4, * IHCH OUTSIDE'OPF9.4, ' IHCH'/-
¥ ! CEHTER = CENTER DIST'OPF7.4,' INCH'/-

X ' COPPER MASS "O0PF7.1,' POUNDS'/-

¥ ¥ TEFLGH MASS T0PF7.1,' POUNDS '/~

¥ ' POLIER PER FOOT *OPF7.3," LATTS /-

¥ ¢ RADIANT TEMPERATURE f0PF?7.1,' DEG F'/-

¥ ' DEPTH OF PEHETRATION'OPF7.4," IHCH')

NR1}51(2;503) ERADCY),ERAD{3),ERAD(2),ERAD(4),ERAD(6),ECMASS, ETMASS,PURPF, TRADF, ESKIN
IP=If1-
JP=IR1-4+26%IFREQ/10000
IF(IFREQ.GT.10000.) GO TO 559
XCIPY=1000.%RAD(1)
Y(IP, IDY=1./RDC
YR(IP,IDY=RDC
YP(IP,ID)=ROCHCURRHT*x2
YMCIP,ID)=TMASS/1000.4CMASS/1000.
YTCIP,IDY=SQRT(SQART(TSINK*24+RDCRCURRNT %2/ (CABL X4 . P IXRAD(4 ) XEMISKSIGI))I-273,
YMOIP+26,ID)=CMASS5,1000.
YMOIP452,ID)=THMASS/1000,
550 Y(J4P,ID)=COHDCT
YICIP,LSPACE,ID)=AIHNDCT#1,E06
YC{IP,LSPACE, IDY=CAPX1.E06
YR{JP,IDI=RMAX
YPLJP,ID)=PHRRES
YTCJP,IDY=TRARC
IF(IFREG.HE.30000. .OR. IP.HE.2&6 .OR. ID.HE.2) RETURM
IF(LSPACE.HE.4) RETURH
600 CALL PLT26(X,Y(1,1),TCHARL,1)
CALL PLY26(X,YM(1,1),TMCHRL.2)
CALL PLT26(X.YI(1;1,1) TICHRL,8)
CALL PLT26(X,YC 1),7CCHRY,.9)

(1,1,
Call PLTEé(X.TR(I,I),TPcﬂpl 51
CALL PLT26(X,YP(1,1),TPCHR],6)
CALL PLT26(X,¥YT(1,13,T7 TCHRl;?)
RETURN
ERD
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Plotting Subroutine ftor al) Configurations

goo01n00 SUBROUTINE PLT26(X,Y,TCHARL,K)
ogpo0200 DIMENSION X(1),Y(1),IVARSL(7), TCHARLC(1Q), TCHAR2(L10),XCHARL(10)
poo0390 DIMEHSION VARSX(53),YARSY(5)Y,S5IDE(40),SIDEP(5,8),YARSC(5),VARSR(5),VARSP(5),VARSI{5),VARST(S)
00004090 DIMENSION SIDEMC30),3IDEIC14)
0600500 DIMENSION YCHARR(8),YCHARIC(10),YCHARMCLIC),YCHARIC(S),YCHARC(S),YCHARP(8),YCHART(10)
goo0600 DIMENSION COP5(6),C0P2(6),TEFS{6)
opogv7oo DATA VARSXrs5.,-1.,0.,5.,30./
ooogacd DATA VARSYs5.,-1.,590.,0.,100./
oooo9co DATA IVARS1/7,26,2,115,5,15,07
upoiogo DATA SIDE/Z40404073,' 0 *,'KHZ ','0.5 *,'™™MM ',Z4040407%," 10 *,'KHZ ','0.5 ', "MM ',-
ogoliog ¥ 240404075, 20 *,'KHZ ','0.5 ','MM ',Z40404076," 30 ','KHZ *,'0.5 *,*'MM T, -
adolaon x 240404077, 0 T','KHZ ','0.2 ','™™MM ',Z260406078,' 10 ','KHZ ','0.2 ',"MM ',-
0001300 * 240404079, 20 ',"KHZ ','0.2 ','MM ',Z4040407A,T 30 ','KHZ ",'0.2 ','™MM '/
0001400 DATA SIDEM/Z40404073,° T','OTAL'," MAS', 'S ',Z240404074,' COT,'PPER'," MAS','S t,-
0001500 X 240404075, TE',TFLON',' MAS', 'S  ',76404064076,' TP, 'OTAL',Y MAS', TS T
000l600 ¥ 240406077,' CO',TPPERT,' MAS','S ',240406078," . TE",TFLON'," MAS','S 4
80017490 DATA SIDEI/Z40404073,' 0.5'," MM ',7COPP',*ER C', "OHDU', "CTOR", -
00061806 X 2404064074, 0.27," M1 *,'COPP*,"ER C',"ONDU’,"CTOR"'/
0001900 DATA SIDEP/Z40404073,' 1 ','™MM *,'0.5 *','MM ',Z240404074,' & ','MM ','D.5 ','MM ',-
agoz2000 X 240604075, 7 *,'MM ','0.5 ','MM ',Z40404076," 10 ','MM ','0.5 ','MM ',-
6002130 S 260404077, 1 *,"MM 7,'0.2 ','MM  ',Z40404078,7 4 ",'MM 2'0.2 YL,MM Y, -
0002200 * 240404079, 7 ','MM ','0.2 ','MM !',Z4040407A,' 10 ','MM T,'0.2 ',"MM '/
0002360 DATA COP5/°0.5 ','Mi1 C*,"QPPE",'R CO’,'HDUC',"TOR '/
0082400 DATA TEF5/'0.5 ', '™™MM T','EFLO",'N DI','ELECT,'TRIC"/
0082590 DATA copP2s'0.2 ', "™MM CT', YOPPE",'R CO','HBUC',"TOR '/
0002600 CAlLL COLOR(1,0,1,0,0,0,0)
00027900 IF(K.EQ.2) GO TO 200
602300 IF(K.EQ.3) GO TO 300
2002980 IF(K.EQ.4) GO TO 400
6093000 IF(K.EQ.5) GO TO 500
60031400 IF(K.EQ.6) GO 70 600
goo3z2g0o IF(K.EQ.7) GO TO 700
00063300 IF(K.EQ.8) GO TO 800
0003400 IF(K.EQ.9) GO TO 900
0063500 C
0063600 C PLOT CONDUCTANCE
00037400 C
§0G3800 CALL TITLE (0,32,20,TCHARL}
0003908 DATA XCHAR1-/'INSI','DE R','ADIU',"S, M','M *,5%0./
00304000 CALL TITLE (4,17,15,XCHARL)
20341400 PATA YCHAR1/'COND','UCTAT™,'NCE ','0F 57,'0M C','ABLE"," MHO','S ',2%0./
0034200 CALL TITLE €(3,2%,15,YCHARL) -
a005300 CALL XAXIS(-1.,-1.,VARSX)
204400 CALL YAXIS(-1.,-1.,VARSY)
0404500 CALL CHARS(24,CO0P5,0.,6.,8.30,15)
0004600 CALL CHARS(24,TEF5,0.,6.,8.05,15)
00047090 CALL CHARS(24,CO0P2.,0.,6.,6.3,15)
_h0o4809 CALL CHARS(24,TEF5,0.,6.,6.05,15)
0004900 DO 100 I=1.,8
00G5002 Ivy=26%1I-25
0085100 IYARSI(4)=114+1
6035200 YSIDE=8.-.25%FLOAT(I)
c005320 IF(I.GT.4%) YSIDE=YSIDE-1.
J03I5%00 ISIDE=5%1-%
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0005500
0005680
0805700
005300
0005900
0006000
00061090
4006200
0006300
0206489
0006500
8006600
4006700
0006850
0006960

BOG730¢
60030400
0003108
g008200
0003300
8008400
0088500
0008600
0008780
00028040
0008900
0009000
40691660
0009200
0003305
008%400
0009500
0009600

OO

OO0

100

200

250

308

Plotting Subroutine for atll Configurations (conttinued)

NC1l=I

IF({I.GT.3) NC1l=I-4

CALL CDOLOR{1,NC1,1,0,0.
CALL CHARS{12,3IDE(ISID
CALL GPLOT {X,Y{IY¥),IVaA
CALL DISPLA(L)

RETURN

PLOT MASS OF CABLE

CALL TITLE{0,24,20,TCHARL)

CALL TITLE(4,17,15,XCHARL)

DATA YCHARM/YMASS',' OF ','50M ',"CABL','E KG',.5%0./

CALL TJITLE(3,20,15,YCHARM)

CALL XAXIS{(-l.,~1.,VARSX)

CALL YAXIS(-1.,-1,,VARSY}

CALL CHARS(24,COP5,C.,6.,8.30,15}

CALL CHARS(24%,7TEF5,9.,6.,8.05,15)

CALL CHARS(24,C0P2.0.,6.,6.55,15)

CALL CHARS(24,TEF5.,0.,6.,6.3,15)

DG 250 I=1,6

IY=26%I-25

IVARSI(413=114+1

YSIDE=8.-,25%FLOAT(I?

IF(I.GT.3) YSIDE=YSIDE-1.

ISIDE=5XI-%

HCI=X

IFCI.GT.3) Y

CALL COLOR(1

CALL CHARS(1
X
(

g,C
E

» 01}
}+0,,7.,YS5IDE,15)
RS1)

1 -
N

c
>
9,
Y
Y

=I-4
€1,1,0,8,0,0)
SIDEM(ISIDE),0.,7.,YSIDE,15)
CALL GPLOT(X,Y(IY),IVARSL)
CALL DISPLA(L

RETURN
INDUCTANCE OF COAXIAL CABLE

TITLE (0,28.20,TCHARL)

TITLE ¢4,17,15,XCHARL?

YCHARI/"INDU','CTAN','CE O','F 50','™M CA','BLE ',"MICR','OHEN"
TITLE (3,35,15,YCHARI)

XAXIS{=-1.,-1.,.VARSX)

VARSI/5-3'1.19U..0.;2./

YAXIS(-1.,-1.,VARSD)

CHARS(24,C0P5,0.,6.,8.30,15}

CALL (HARS{24,TEF5,0. .05,15?2

CALL CHARS(24,{0P2,0, 3,153

CALL CHARS(24,TEF5,0. -05,15)
bg 350 1=1,8

IY=26%I~25

IVARSI{(4)=116+]
YSIDE=8.-.25%FLBAT(I}

IF(I.GT7.4) YSIDE=YSIDE~1.
ISIDE=5%I-4

NC1=I

PLOT

CALL
CALL
DATA
CALL
CALL
DATA
CALL
CALL

- e
o On O
P
-
o

s "RYS

L4



0010500
gollgoo
0011100

o0llz2oa”

gpll300
2011400
0011500
Golls00
0011700
0011800
go0l1l190¢C
6olzood
0012100
0212200
0012300
0012400
0012500
0012600
0012700
0012800
0012900
pglioQo
0013100
0013200
0013300
0013400
0013500
00135600

0014400
0014500
0014600
0014700
0014800
0014900
0015000
0015100
0015200
0915300
8015400
0015500
0015600

8015700
8015890
0015900
00160090
2016100
5016200

oGO0

o0

Plotting Subroutine for all Configurations {continued)

350

400

IF(I.G7.3) HCl=I-4
CALL COLOR(1,HC1,1,0,0,0,0)

CALL CHARS5(12,S5IDECISIDE),D.,7

CALL GPLOT (X,Y(IY),IVARSL)
CALL DISPLAC(L)Y
RETURN

PLOT CAPACITANCE OF COAXTAL CABLE

CALL TITLE(CG.29,20,TCHARL)
CALL TIWTLE (4,17,15,XCHARY)

DATA YCHARC/'CAPA",'CITA',TNCE T,

CALL TITLE (3,36,15,YCHARC)
CALL XAXIS(-1.,-1.,VYARSX)

DATA VARSCr/5.,-1.,90.,0.,.5/
FOLLOWING CHAKRGE FOR PARALLEL ONLY

VARSC(5)=.015

CALL YAXIS(-1.,-1.,VARSC)
CALL CHARS(24,TEF5,0.,6..8.
pD 450 I=1,2

IvY=26xI-25

IVARS1(6)=114+1
YSIDE=8.-.25%FLOAT(I)
ISIDE=7¥I-6

NC1=1

IF(I.GT.3) RC1=I-%

CALL COLDR(1,KC1l,1,0,0,0,0)

05,15}

*O0F 57,

.+YSIDE, 15}

‘oM C*,

CALL CHARS(28,SIDEICISIDE},0.,5.5,YSIDE,15)
)

CALL GPLOT(X,Y(IY},IVARS]
CALL DISPLAC1)
RETURK

PLOT RESISTIVITY

CALL TIF¥LE(C,28,20,TCHAR]Y
CALL TITLE(4,17,15,XCHAR])
DATA YCHARR/'RESI','S5TIV’,?
CALL TITLE (3,29,15,YCHARR)
CALL XAXIS (-1.,-1.,VARSX]

ITY *,

DATA VARSR/5.,-1.,90.,0.,.5/

CALL YAXIS (*1.;-1.;UARSR)
CALL CHARS5(24%,COP5,0.,6..8.
CALL CHAR5(2Q,TEF5:U..6 : 8.
CALL CHARS(24,COP2,0..6.,6.
CALL CHARS{24,TEF5,0.,6.,6.
b0 550 I=l,8

IY=26%x]1-25

IVARS1(4)=114+1
YSIDE=8.~-.25%FLOAT(I)
IF(I.GT.4) YSIDE=YSIDE-1.
ISIDE=5%I-4%

NC1=T

IF(I.G7.3) NHC1=1I-4

CALL COLOR(1,NC1,1,0,0,0,0)

30,15)
05,15)
3,15)

05,15)

*OF 5',

om¢C',

"ABLE",

YABLE',

' MIC',

oumM* ,

'ROFA®Y,

'S

v/

*RADS'/



0016300
0016400
0016500

0017900
f0leog00
0ptEloo
0018200
0013300
0013420
0018500
0018600
0018700

onlaaoa

001&900

COoOOo0OoODOoOOODOoOOoOoOOo
(== ===l e ===

o
(=]

[lzX2 11!

OO0

550

600

650

700

Plotting Subroutine for all Configurations {cont inued)

CALL CHARS (12,SIDECISIDE),D.,7.,YSIDE,15)
CALL GPLOT (X,Y(IY),IVARS1)

CALL DISPLA(L)

RETURH

PLOT POWER LDSS

CALL TITLE(D,28,20,TCHAR])

CALL TITLE ¢4,17,15,XCHARL)

DATA YCHARP/'POWET,'R LO','SS O','F 507, "™ CA','BLE ', 'WATTY,'S v/
CALL TITLE (3,29,15,YCHARP)

CALL XAXIS (-1.,-1.,VARSX)

DATA VARSP/5.,-1.,90.,0.,5000./

CALL YAXIS(~1.,-1.,VARSP)

CALL CHARS(24,COP5,0.,6.,8.30,1%)

CALL CHARS(24,TEF5,0.,6,,8.05,15)

CALL CHARS(24,C0P2,0.,6.,6.3,15)

CALL CHARS(24,TEF5,0.,6.,6.05,15)

DO 650 I=1,8

IY=26%1-25

IVARS1(4)=114+]

YSIDE=8.-.25%FLOAT(I)

IF(I.GT.4) YSIDE=YSIDE-1.

ISIDE=5%I-4
NC1=IX
IF(I.GT.3) NC
CALL COLORI(1,
CALL CHARS(12
CALL GPLOT(X,
CALL DISPLAC]
RETURN

PLOT TEMPERATURE

1=1-
NC]. ,O’U’ODU)
+»SIDECISIDE)},0.,7.,YSIDE,15)
Y{IY),IVARSL)
)

CALL TITLEC(O0,40,20,TCHARL)

CALE TITLE(4,17,15,XCHARYY

DATA YCHART/Z'INHE','R CO","HDUC',*TOR ', 'TEMP"', "ERAT',"URE *,'DEG ','C
CALL TITLE(3,33,15,YCHART)

CALL XAXIS(-1.,-1.,VARSX)

DATA VARST/5.,-1.,90.,0.,250./
CALL YAXIS(-1.,-1.,VARST)

CALL CHAR3(24,C0P5,0.,6.,8.30,15)
CALL CHARS(24,TEF5,0.,6.,8.05,15}
CALL CHARS(24,C0P2,0,.,6,.,6.3,15)
CALL CHARS(24,TEF5,0.,6.,6.05,15)
DO 750 I=1,8

IY=26%1=-25

IVARS1 (4)=114+I
YSIDE=8.-.25XFLDAT(I)

IJFC(I.6T.4) YSIDE=YSIDE-1.
ISIDE=5%I-¢%

NC1=1

IFCI.GT.3) HCYI=I-4%

CALL COLOR(1,NC1,1,0,0,0,0)

‘s



Plotting Subroutine for all Configurations

ooz2l7co
0021800
6021990
0g22000
0022100
0022200
agz2z300
0022400
0g22500
0022640
0p22700
0022800
0022900
0023000
0023100
g023200
0023300
6023400
6023500
00236580
0023700

oOaOe

0023800 °

0623990
0024000
8024100
0024200
0024300
0024400
0024500
024600
0024700
8024800
0024500
0025000
8025100
0025200
0025300
0025400
4025500
0025600
0025700
0025800
2025990
0025000
0026100
0026200
0025300

0026400
2026590
0026600
0026700
0026300
00269090

SO0

750

800

350

3080

%50
1200

{concluded)

CALL CHARS(12,S5IDECISIDE),D.,7.,YSIDE,15)
CALL GPLOTUX,Y(IY),IVARS])

CALL DISPLA(L)

RETURN

PLOT INDUCTANCE OF PARALLEL LIMNES

CALL TITLE (0,28,20,TCHAR]1)

CALL TITLE (%,17,15,XCHARI)

CALL TITLE (3,35,15,YCHARI)

CALL XAXIS(-1.,-1.,VAR3X)
VARSI(51=38,

CALL YAXIS(-1.,~1.,VARSI)

CALL CHAR3(24,CO0P5,0.,6,.,8.30,15)
CALL CHARS(24,TEF5,0.,6.,8.05,15)
CALL CHARS(24,C0P2,0.,6.,6.3,15)
CALL CHARS(2%,TEF5,0.,6.,6.05,15)
Do 850 I=1,8 :
IY=26%1-25

IVARS1(4)=116+]1
YSIDE=8,.-.25%FLOAT(I)

IF(I.G6T.4) YSIDE=YSIDE-1.
ISIDE=3¥I~2

IF(I.EQ.5) CALL COLOR(1,1,1,0.0,0,0)
CALL CHARS(12,SIDEP(1,I),D.,7.,Y5IDE,15)
CALL GPLOT (X,YCIY}),IVARSI)

CALL DISPLA(L)

RETURH

PLOT CAPACITANCE OF PARALLEL LIHNES

CALL TITLE(D,2%,20,TCHAR])

CALL TITLE (4%,17,15,XCHARL)

CALL TYTLE €3,36,15,YCHARC)

CALL XAXIS(-1.,-1.,VYARSX)
VARSC(5)=.0075

CALL YAXIS(-1.,-1.,VYARSC)

CALL CHARS(24%,COP5,0.,6.,8.30,15)
CALL CHARS(24,TEF5,0.,6.,8.05,15)
CALL CHARS(24,C0P2,0.,6.,6.3,15)
CALL CHARS(2%,TEF5,0.,6.,6.05,15)
DD 950 1=1,8
IY=26%xI-25
IVARS1(6)=1164+I
YSTDE=8.-,25XFLDAT(I)
IFC(I.GT.4) YSIDE=YSI
ISIDE=3%]I-2

DE-1.
IFCI.EQ.5) CALL CDLOR
1
v

1,1,0,0,0.%)
CALL CHARS(12,SIDEP( +0.,7.,Y5IDE,15)
CALL GPLOT(X,Y(IY),]I 12
CALL DISPLAC(CL)
RETURN

END

(1,
» 1)
ARS



TABLE

Inside radius,
Thickness, mm
Copper conductor . .
Teflon dielectric . .
Geometries

mm . . .

Frequencies, kHz

I. - RANGES

. . . .

Distance between paré]iei 11nes
Power (1000 V at 100 A), k

Line length, m . . . .

INHER CONDUCTOR RADII

INSIDE 15.00 MM

OUTSIDE 15.50 MM

VOLTAGE 1000.
CURRENT 100.0
FREQUEHNCY 20000,
POWER 100.
CABLE LENGTH 50.0
COPPER MASS 44.3
TEFLON MASS 11.2

DC FORMULA RESISTANCE0.0358
AC FORMULA RESISTANCE0.0378

RESISTANCE 0.058¢0
CONDUCTANCE 17.242
RESISTIVE POUER 580.0
PERCENT POWER LOST 0.58
POLIER PER METER 11.60
TEMPERATURE RISE 0.34
RADIANT TEMPERATURE 38.6
SINK TEMPERATURE 0.0

DIELECTRIC STRENGTH 8316.6
SHIELD DIEL STRENGTH 8324.5
SHUNT CONDUCTANCE .000000
INDUCTANCE 0.478
CAPACITANCE 0.192
DEPTH OF PENETRATION 0.4732
INNER INDUCTANCE 0.082
QUTER INDUCTANCE 0.078
CHAR. IMPEDANCE 1.576
CHAR. ADMITTANCE 0.635
COMPLEX INDUCTANCE 0.478
COMPLEX CAPACITANCE 0.192

INNER CONDUCTOR RADII

INSIDE 0.5905 INCH
QUTSIDE 0.6102 INCH
COPPER MASS 97.7
TEFLON MASS 24.7
POWER PER FOOT 3.536
RADIANT TEMPERATURE 101.5

DEPTH OF PENETRATION 0.0186

. . . .

TABLE II.

OUTER CONDUCTOR RADII
INSIDE
OUTSIDE

VOLTS
AMPERES
HERTZ

KILOWATTS

METERS

KILOGRAMS
KILOGRAMS

OHMS
OHMS
OHMS
MHOS
WATTS
PERCENT
WATTS
DEG C
DEG C
DEG C
VOLTS
VOLTS

MHOS

mm e e e e e

OF PARAMETERS

. . . . - .

L . . . . . . . .

. . . . Coaxial,

5 to 30
0.2 and 0.5

0.5

stran&ea coéxial

and parallel lines

e e e e e e .]' 23,

o o . . . . . . . . . .

. . - . . . . . . . . . . -

- EXAMPLE OF COMPUTER OUTPUT

16.00 MM
16.50 M

MICROHENRYS
MICROFARADS

Mit

MICROHENRYS
MICROHENRYS

OHMS
MHOS

-0.6462 MICROHENRYS
0.000 MICROFARADS

QUTER CONDUCTOR RADII
INSIDE
OUTSIDE

POUNDS
POUNDS
WATTS
DEG F
INCH

0.6299 IHCH
0.6496 INCH

10, 20 and 30

and 10

.

100
50

SHIELD RADII
INSIDE
OUTSIDE

17.00 MM
17.00 MM

SHIELD RADII
INSIDE
OUTSIDE

0.6693 INCH
0.6693 INCH






Cohducta nce

Copper A
conductors—+

Teflon -~
dielectric—
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Hollow parallel lines

Figure 1. - Configurations investigated.
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a
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/ ~General
/ formula
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0 1 2
Conductor thickness, skin depths

Figure 2. - Conductance versus conductor thickness.




Mass of 50-m cadle, kg

Mass

O Tofal

© Copper

A Teflen

Open symbels dencte 05 mm
—  copper conductor

Closed symbols denate 0, 2 mm
. copper conductar

l | l | |

fa) Mass of copper coaxial cable,

| il | (]

& Mass of stranded coaxial cable,

5 10 15 Fail

! S
5

Inside radius, mm
(e} Mass of paraltel lines,

Figure 3. - Mass of copper conductor, mass of
Teflon diefectric and talal mass of transmission
lines. Diameter of Teflon diefectric, 8.5 mm_




Conductance of 50-m cable, pH

100

80
70
60
50

Frequency,

kHz

— o 0
o) 10
A 20
L %

Open symbols denote 0.5 mm
copper conductor

Closed symbols denote 0. 2 mm

copper conductor

{a) Conductance of copper coaxial cable,

(b} Conductance of stranded coaxial cable,

I l |
5 10 15 20 5 30
Inside radius, mm

(c) Conductance of parallel lines,

Figure 4. - Conductance of transmission lines,
Diameter of Teflon dielectric, 0.5 mm,



Ratio of ac resistance to dc resistance

2.0
F Conductor
thickness, Frequency,
18 — mm kHz
i 053,
L6 — L
.5
1.4 — 10
.2
2 30
L2 — 2 20
10
I I |
10
0 5 1.0 1.5

Con&uctor thickness, skin depths

Figure 5. - Increases of ac/dc resistance ratio due to increasing

conductor thickness and increasing frequency.




Inductance of 50-m cable, uH

Qo N OBE O OO0 O

15

10

Freguency,
kHz

0
10
20
30

Open symbots denote 0.5 mm
copper conductor

Closed symbols denote 0,2 mm

copper conductor

I
opboan

(a) Inductance of copper coaxial cable,

Frequency,
kHz

0
10
20
30

0
o
Fa\
<

{b) Inductance of stranded coaxial cable,

Conductor
thickness,
mm

1

4

7
10

obono

| | | I |
5 10 15 20 5 30
Inside radius, mm

(c} Inductance of parallel lines.

Figure 6. - Inductance of transmission lines.
Diameter of Teflon dielectric, 0.5 mm,




Capacitance of 50-m cable, pH

Copper

conductor,
mm
a 0.5
o — @ .2

.30 — Closed symbols denote 0, 2 mm

Open symbols denote 0,5 mm
copper conductor

copper conductor

I | l |

(@) Capacitance of copper coaxial cable,
3

40
[ o .5

(] .2

| I | I

(b) Capacitance of stranded coaxial cable,

00750
. [} 1
o !
A 7
L00600 (— < 10
00450 —
.00300 —
. 00150
0 : l | l
5 10 15 2 %

Inside radius, mm

(c) Capacitance of parallel lines.

Figure 7. - Capacitance of transmission fines,

Diameter of Teflon dielectric, 0,5 mm,




Power loss of 50-m cable, W

Frequency,
kHz

4000
a 0
O 10
‘ A& D
3000 N

Open symbols denote 0.5 mm
copper conductor

Closed symbols denote 0, 2 mm

copper conductor

Inside radius, mm

(c) Power loss of paraliel lines.

Figure 8. - Power loss of transmission lines,
Diameter of Teflon dielectric, 0.5 mm.



Inner conductor temperature, °C

Inner conductor temperature, ¢

Conductor temperature, °C

Frequency,
50 kHz
0
10
2
30

Open symbols denote 0.5 mm
copper conductor

Closed symbols denote 0. 2 mm

copper conductor

opoo

50

(@) Inner conductor temperature of copper
coaxial cable, i

(b) Inner conductor temperature of stranded
coaxial cable.

Inside radius, mm

(c) Condyctor temperature of parallel lines.

Figure 9. - Temperatures of transmission line
conductors. Diameter of Teflon dielectric,
0.5 mm,
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