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Abstract

We inspected metal conduit with a low-bandwidth, pulsed-current
injection. This technique, called the L/R method, has been used success-
fully to identify corroded cable shields on aircraft, armored vehicles, and
fixed and mobile communications systems. We successfully applied this
technique to the inspection of shipboard electromagnetic protective
conduit. The application of this technique is described in detail and the
experimental results are presented.
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1. Introduction

The Navy’s surface fleet has a problem with salt corrosion of stuffing
tubes and shield-to-ground adapters through which cables and wiring are
routed above and below ship decks. These tubes and adapters are metal-
lic conduits that shield wires and cables from varying sources of electro-
magnetic interference on board ships. The sources of such interference
include radar and radio transmitters, which may interfere with computers
and other electronic equipment. Salt corrosion degrades the shielding
provided by the stuffing tubes and shield-to-ground adapters; thus,
continuous inspection and repair are necessary. These conduits are cov-
ered by a protective coating, which makes visual inspection impossible.
The Naval Sea Systems Command (NAVSEA) has issued a call for tech-
nologies that can facilitate frequent inspection and readily identify de-
graded shields.

2. Background

S

The U.S. Army Research Laboratory (ARL) competed in a proof-of-
concept test held on board the United States Navy Ship (USNS) Mohawk
between 27 and 30 March 1995. The purpose of the test was to evaluate
various approaches to the inspection of shipboard conduits and shield-to-
ground adapters. Five competing approaches for inspecting shipboard
conduits were tested and evaluated for NAVSEA by the Naval Surface
Weapons Command (NSWC) at Dahlgren, Virginia. The five competing
approaches and their advocating organizations are listed below.

Wideband pulsed-current injection—NSWC.

Injected damped sine (2 MHz)—Ogden Government Services.

Shield cable tester (SCT)—TRW.

Repetitive, low-bandwidth pulsed-current injection (L/R test set)—ARL.
Portable x-ray inspection—S.W. Engineering Associates/Sandia.

Each competitor was given a list of selected conduits and shield-to-
ground adapters to test so that data obtained by each method could be
compared for common test points. The standard of comparison was to be
the ratio of outer-shield current to inner-conductor current. These criteria
could be easily applied for approaches 1 through 4. Approach 5 (x-ray)
located flaws directly; thus data obtained by this method could not
readily be compared to data obtained by approaches 1 through 4. How-
ever, the L/R tester, enhanced by a unique surface current sensor, was
able to detect and locate the flaws detected by the portable x-ray machine,
as well as perform the conduit shield-to-ground adaptor inspections.



3. Summary

The ARL team used the L/R test set to test 22 conduits and/or shield-to-
ground adapters with two test methods to distinguish between good and
corroded conduits. Method 1, referred to as the L/R method, requires
access to only the exterior portion of the conduit; L/R measures total
shield path resistance and the risetime of the current pulse induced on the
conduit. From these two measurements, the grossly flawed shields can be
quickly identified. Method 2 requires access to both exterior and interior
portions of the conduit; with this method, a ratio (expressed in decibels)
of outer-shield to inner-conductor current is measured. The results ob-
tained by a combination of the two methods were 4 good conduits and/
or shield-to-ground adapters and 18 corroded conduits and/or adapters.

Because neither method alone is sufficient to properly identify all defec-
tive conduits or shield-to-ground adapters, both methods should be used.
Thus, a tabulation of results should include total shield path resistance
and the ratio of outer-shield to inner-conductor currents. The risetime
measurement, obtained from the L/R method, is helpful but is not man-
datory. Detailed results are in table 1.

In addition to identifying good and corroded adapters, the L/R test set,
enhanced by the addition of a flaw-detection sensor, located flaws in three
conduits. These flaws were confirmed by the portable x-ray machine.

Table 1. Composite results of inspection tests aboard USNS Mohawk.

Designation Test point Current R Risetime t, Igxt/IINT Result
Q) (Hs) (dB)
INMARSAT No number 0.028 75 21.0 Rejected
antenna (conduit) assigned
Television 15 0.114 50 38.4 Accepted

antenna shield
ground adapter

SSR-1 antenna shield ground adapter

Starboard 26 0.021 50 26.0 Accepted

Port 27 0.034 50 14.0 Rejected

Forward 25 0.016 50 34.0 Accepted
URT-23 antenna shield ground adapter

Starboard 21 0.038 50 14.4 Rejected

Port 19 0.052 80 6.0 Rejected
URT-23 control (conduit)

Port 18 0.192 20 41.8 Rejected

Starboard 20 0.80 40 4.0 Rejected
Forward telephone 1 0.048 50 26.0 Accepted

URC-80 transceiver

shield ground

adapter



Table 1. Composite results of inspection tests aboard USNS Mohawk (cont’d).

Designation Test point Current R Risetime t, Iext/IINT Result
Q) (Ws) (dB)

X-band radar 35 1.2 80 No measurable Rejected
antenna current found

Cutout switch 37 1.0 80 No measurable Rejected
(conduit) current found

S-band radar 33 0.25 100 1.6 Rejected
antenna

Cutout switch 36 0.137 160 1.06 Rejected
(conduit)

Aft telephone 38 0.63 40 No measurable Rejected
power outlet current found

NAVTEX — Open — No measurable Rejected
antenna current found

Watch receiver — Open — No measurable Rejected
antenna current found

ALDEN FAX — Open — No measurable Rejected
OA-100 four-whip current found
antenna 10-1

Global positioning — Open — No measurable Rejected
system current found

Ray Nav. 6000 — Open — No measurable Rejected
LORANC current found
antenna 4-3

Cellular telephone — 1.25 10 No measurable Rejected
antenna 10-4 current found

Naval Mark 15A 0.62 20 No measurable Rejected

22CA antenna 10-2

current found




4. Concept Description—Conduit Screening by the
L/R Method

4.1

A brief description of the L/R technique follows. For clarity, we divide
the discussion into two subtopics, according to the functions performed:

Conduit/shield-to-ground adapter screening by the L/R method.
Location of faults by L/R exciter and flaw-detection sensor method.

Although the L/R test set successfully obtained outer-shield to inner-
conductor current ratios with method 2 (see sect. 5, fig. 5), we do not
discuss that function here.

For method 1, two basic L/R measurements are taken in order to distin-
guish good from corroded conduits. The two measurements are shield
path resistance (ohms) and risetime (microseconds) of the pulsed-current
injections.

Measuring Resistance

The L/R tester can measure total path resistance and individual resis-
tances within the path and (when necessary) locate an open junction.
Resistances in the range of 0.003 to 2.0 Q can be measured without the
conduit being disconnected. The tester excites the shield of a cable from a
repetitively pulsed (25-Hz), long-duration (200-ps), magnetic field to
measure the resulting induced current. An inductive coupler and coupler
driver is the source of the magnetic excitation. An inductively coupled
current probe measures the current. The present L/R tester requires a
user-furnished portable oscilloscope, from which the desired measure-
ment from a continuously displayed waveform can be extracted. The
waveform displayed will usually show the voltage proportional to the
induced cable current.

Where individual resistances within the cable shield path must be meas-
ured, two waveforms must be observed: total path current and voltage
across two points (i.e., connector junctions) suspected of having a high
resistance. The desired resistance measurements are obtained from scope
deflection (V) in volts, transfer impedance (Z,) of the current probe, and
the known constant of the inductive-coupler/coupler-driver combination.
For the L/R tester described here, the constant is E; = 0.2 V, which is an
equivalent voltage source inserted into the circuit under test by the action
of the magnetic excitation.

Measurement of the resistance of a conduit or shield-to-ground adapter
circuit by the L/R method can best be understood by reference to figures
1,2, and 3. Figure 1 shows a bench experiment in which the L/R test set is
connected to a closed loop made of coaxial cable. Figure 2 shows the
waveform of the injected current under two test conditions: the loop
alone and the loop with a 0.025-Q resistor inserted. Figure 2 shows that
inserting the 0.025-Q resistor into the loop reduces the amplitude of the
loop current by a ratio of 6 to 1.



Figure 1. Measurement
of cable shield resis-
tance, disconnection
not required (a bench
test to demonstrate
sensitivity of L/R test
set).

(John E. B. Tuttle,
“Inspection of cable shield in
situ without disconnection,”
Proceedings of the 15th
International Aerospace and
Ground Conference on
Lighting and Static
Electricity, Atlantic City,
NJ, 6-8 October 1992.).

Figure 2. Waveform
of injected current
(a) with loop and
(b) with loop and
0.025-Q resistor.

Figure 3. Measure-
ment of total cable
shield path resistance
in a system, discon-
nection not required.
(John E. B. Tuttle,
“Inspection of cable shield
in situ without
disconnection,” Proc-
eedings of the 15th
International Aerospace
and Ground Conference on
Lighting and Static
Electricity, Atlantic City,
NJ, 6-8 October 1992.)
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The methods for computing total shield path resistance and for measur-
ing individual junction resistances are presented in figure 3. Resistance is
calculated from the peak amplitude of the displayed waveform (V,,; in
volts), the transfer impedance of the current probe (Z, in ohms), and the
known constant voltage (E;) inserted into the path by the injection probe
and solid-state driver.*

*The method and apparatus are protected by U.S. Patent No. 5,391,991, Cable Shield Resistance Test Set.



4.2  Measuring Risetime

In situ inspection of shipboard conduits by the L/R method is based
primarily on measurement of resistance and secondarily on measurement
of injected pulse risetime. Measurement of resistance alone is usually not
sufficient. While high values of shield path resistance (Rgy; > 0.2 Q) clearly
indicate a degraded shield, low values (Rgp; < 0.05 Q) may mask gross
defects. Low values of shield path resistance have been measured where
shield-to-ground adapters have been “floating” or ungrounded. This type
of fault can be easily recognized by measurement of the risetime of the
injected current pulse. Risetimes longer than 50 ps indicate that the
response is governed not by the conduit but by the cables supposedly
shielded by the conduit. At the other extreme, risetimes less than 20 ps
indicate a highly resistive conduit, which would be obvious from mea-
surement of shield resistance. The measurement of risetime provides a
qualitative means for interpreting the meaning of measured resistances.
Where method 2 can be applied (see sect. 5, fig. 5), risetime measurement
becomes less important.

4.3  Detecting Flaws

Detecting flaws is another capability of the L/R test set. Nonresistive
flaws (i.e., semicircular slots) on the surface of a cable shield or conduit
and, in some cases, flaws below the surface of a shield can be detected.
The flaw-detection sensor employs the current-injection probe (coupler)
and solid-state driver of the L/R test set to excite the conductor under
test, and a special purpose surface-current sensor to detect the local
magnetic field near the flaw. The output of the sensor, after amplification,
is displayed by the oscilloscope. As the sensor moves along the length of
a conduit under excitation, its output changes abruptly as it moves
toward and away from the flaw. The surface-current sensor, constructed
from physically small high-value inductance coils, responds to current
flowing perpendicular to the direction of the injected current while
rejecting the effects of the much stronger injected current.*

5. Procedure and Results

We inspected shipboard conduits and shield-to-ground adapters as
illustrated in figures 4 and 5. Waveforms of current for both exterior
shields and interior conductors were filmed with oscilloscope cameras.
Although more than 50 waveforms were filmed, only representative ones
are presented here. The inspection results are presented in table 1. Pass/
fail decisions are also included in table 1; these decisions are based on the
application of two criteria:

e Jow resistance, R <0.15Q, and

* high outer-shield to inner-conductor current ratio, I/ Lt 225 dB.

*A detailed description of the flaw-detection method and sensor is in patent disclosure ARL 94-17, Cable Shield Fault
Locator.



Figure 4. Method 1
(L/R method)
measurement of
exterior conduit
current.

Py
Figure 5. Method 2
measurement of
exterior and interior
currents.
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If one or both of these criteria are not met, the conduit under test is
corroded. The rationale for these proposed criteria is discussed in

section 6.

Current-time waveforms, representative of those obtained from the test
inspections, are presented in figures 6 through 10.

Figure 6 shows the waveforms of current obtained for the outer shield
(tig. 6 (a)) and inner conductor (fig. 6 (b)) of the International Maritime



Figure 6. Response
of INMARSAT
antenna conduit to
L/R method:
waveform of current
for (a) outer shield
and (b) inner
conductor.

Figure 7. Response
of forward SSR-1
antenna shield-to-
ground adapter to
L/R method:
waveform of
current for

(a) outer shield and
(b) inner conductor.

Satellite INMARSAT) antenna conduit. Based on the criteria we propose
and the long risetime (¢, = 75 Uis), we must reject this conduit. This deci-
sion is reinforced by visual inspection of the conduit ends (showing
pitting and corrosion), x-ray photographs, and detection of a flaw in the
conduit by the flaw-detection sensor (see sect. 7).

Figure 7 shows the waveforms of current obtained for the outer shield
(fig. 7 (a)) and inner conductor (fig. 7 (b)) of the forward secondary
surveillance radar (SSR)-1 antenna shield-to-ground adapter (test point
25). Based on the proposed criteria, this adapter is accepted.

Figure 8 shows the waveforms of current obtained for the outer shield
(fig. 8 (a)) and inner conductor (fig. 8 (b)) of the port URT-23 shield-to-
ground adapter (test point 21). Based on the proposed criteria, this
adapter is rejected.

Figure 9 shows the waveforms of current obtained for the outer shield
(fig. 9 (a)) and inner conductor (fig. 9 (b)) of the port URT-23 control
conduit (test point 18). Based on the proposed criteria, this conduit is
rejected.

Figure 10 shows the waveforms of current obtained for the outer shield
(fig. 10 (a)) and inner conductor (fig. 10 (b)) of the cutout switch conduit
(test point 36). Based on the proposed criteria and the excessively long
risetime (t, = 100 ps), this conduit is rejected.
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Figure 8. Response
of starboard URT-
23 antenna shield-
to-ground adapter
to L/R method:
waveform current
for (a) outer shield
and (b) inner
conductor.

Figure 9. Response
of port URT-23
control conduit to
L/R method:
waveform current
for (a) outer shield
and (b) inner
conductor.

Figure 10. Response
of cutout switch
conduit to L/R
method: waveform
current for

(a) outer shield and
(b) inner conductor.
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6. Application of Screening Criteria and Results

For proper screening of conduits and shield-to-ground adapters so that
good units are accepted and corroded units are rejected, we had to take
measurements from both the L/R method and method 2. As previously
stated, low resistance alone is not sufficient for screening conduits. Low
resistance may be attributable to low-resistance paths within the confines
of an open or highly resistive shield. Sample waveforms obtained from
such shields are shown in figures 6, 8, and 10. These shields appear to
have both low resistance and low outer-shield to inner-conductor current
ratios. The relatively high measured value of shield current would seem
to indicate low resistance. However, a very high outer-shield to inner-
conductor current ratio alone is not sufficient for determining whether to
accept or reject a conduit; the low inner-conductor current may be due to
a high resistance path within the confines of a highly resistive or open
shield. This case is illustrated by the waveforms of figure 9. The results of
applying the two criteria to the screening of conduits and shield-to-
ground adapters are presented in table 1.

7. Detecting Flaws—Data and Discussion of

10

Results

The location of flaws in conduits by the fault-detection sensor is illus-
trated in figure 11. Current is injected into the conduit under test
according to the previously described L/R method, the sensor traverses
the length of the conduit, and the amplified sensor output is continuously
displayed by the oscilloscope. The amplified sensor output changes
slowly over the length of the conduit until the sensor approaches the
flawed area; sensor output abruptly increases ahead of the flaw, decreases
to near zero directly over it, and abruptly increases as the sensor moves
away from the flaw. These variations in sensor output with distance from
the flaw are illustrated in figure 11 (b). This pattern was recorded for three
conduits, including the INMARSAT antenna conduit; x-ray photographs
that were subsequently taken of the detected flaws validated this fault-
detection technique. A sketch of the INMARSAT antenna and the flaw in
the conduit is shown in figure 12. Figure 12 also shows three sensor
positions in relation to the flaw. In figure 13, three film frames of wave-
forms around the defected flaw are presented for the INMARSAT antenna
conduit; these waveforms correspond to the three sensor positions in
relation to the flaw given in figure 12. Subsequent x-ray photographs of
the detected flaw revealed a broken wire within the conduit that was
constructed of spirally wound metal.

The model flaw-detection sensor is constructed on a 1.5 x 1.5 in. circuit
card, which does not cover the entire 360° of the conduit cross section.
The purpose of the flaw-detection experiments on board the Mohawk was
not to demonstrate a finished product but to demonstrate the concept.
The present model works well for straight and curved runs of spirally



Figure 11. Sensor
output versus sensor
position near a flaw:
(a) block diagram
and (b) sensor
output.
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1. Sensor reading of current ahead of flaw.
2. Sensor reading of current at flaw.
3. Sensor reading of current past flaw.

wound conduit but is unsatisfactory for junctions at the surface of boxes
and bulkheads; flaws at these places can be located by other L/R tech-
niques. The thickness of the protective coating at the boundary of a
conduit and its box prevents the placement of the sensor close enough to
the junction for adequate sensor output to be obtained.

8. Conclusions and Recommendations

The low-bandwidth, pulsed-current injection technique (L/R method),
augmented by the cable shield flaw-detection sensor, compares favorably
with the other four competing techniques evaluated aboard the USNS
Mohawk. Degraded conduits and shield-to-ground adapters can be readily
identified with the L/R technique alone. When the L/R test set is aug-
mented by the cable shield flaw-detection sensor, the location of a cable
shield flaw can be readily found; furthermore, defects in interior wire
bundles may also be found. The interior wire defects, such as broken

wires, are readily located where the conduit is constructed of spirally
wound metal.
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Figure 12. INMAR-
SAT antenna and
flawed conduit.
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1. Sensor reading of current ahead of flaw—see figure 13(a).
2. Sensor reading of current at flaw—see figure 13(b).
3. Sensor reading of current past flaw—see figure 13(c).
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