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Part I: INTRODUCTION

the purpose of this Final Report is to present an overall view of
the Conduit Separation Program as undertaken by the Toledo Edison
Company, December - 1976 through Ma-ch = 1977. Highlights of the Interim
Test Report (January 12, 1977) and the Summary Test Report (February 17,
1977) will be used to describe the results achieved through the program
conducted by the Franklin Institute Research Laboratories (FIRL); cor-
relating these with the concurrent efforts conducted by the field con-
struction forces and the Design Engineering team co provide clear justi-
fication to where iesa than one inch conduit separation can be allowed.

As stated in che previous reports, the purpose of the program was
not to prove the adejuacy of one inch separation as described in IEEE
384~1974 and Regulatory Guide 1.75, Revision 1, but instead to sub-

stantiate where less than one inch is acce’.table.



Part II: PROGRAM DESCRIPTION & CRITERIA

1EEE 384-1974 provides a basis for separation of redundant Class IE
circuits where external hazards are not limiting. Section 5.1.1.2
further states that (...where the damage potential is limited to failures
or faults internal to the electrical equipment or circuits, the minimum
separation distance can be established by analysis of the proposed cable
installation.) Without this analysis, | inch minimum separation would
be used between redundant conduits.

Since Davis-Besse Nuclear Power Station Unit | was substantially
designed and construct.' ~rior to the advent of either IEEE 384 or
Regulatory Guide 1.75, the 1 inch separation was not necessarily im-
plemented into the d2sign of the exposed conduit installations. In
addressing this issue, it was felt that ample conservatism existed in
the present design to warrant entering a test program which would then
provide actual data to be used in the analysis approach mentioned in
Section 5.1.1.2 of IEEE 384-1974.

To our knowledge, no previous applicant had attempted to conduct
such a program, therefore it was first necessary to develop guidelines
for coenducting the test. Neither IEEE 384 nor Regulatory Guide 1.75
give any guidance >n the bases for conducting a test; joint discussiems
between /7Co aud t1ie NRC were held to develop a basis for conducting the
test program. The conditions established were as follows:

a. The cable or equipment in the circuit develops a fault that is

not cleared due to failure of the primary prctective device
(breaker) and is just below the long-term trip point of the
backup device. This causes long-term heating of the cable

which may go unnoticed by the operators. For instance, using



this requirement on a motor control center circuit would mean
that the backup protective device on the load cer‘er feeding
the motor control center would allow any amount of current up
to 600 amps on the circuit for a continuous period of time.
b. After the long-term heating, a fault is developed that would
be cleared by the backup device which could introduce EMI.
c. In addition arcing faults are to be considered.

Implementaion of these three conditions into specific worst case

criteria resulted in tae 15 items listed below:

TEST CRITERIA

The criteria established to define the worst case condition that

will be used as a basis for amalyzing less than i inch conduit sep-

aration is defined :s follows:

1) A fault occurs in the cable or device and the primary protective

2)

3)

4)

3)

device (breaker) fails to clear.

The fault has such a resistance associated with it as to produce
just enough current to reach, but not exceed, the rating uf the
backup protective device. A lower level of current is assumed if
it generates a greater amount of heating.

The resistanc: of the fault is variable and adjusts itself auto-
matically during rising conductor temperature so as to maintain
constant current from the source.

There are no other loads running on the motor control centers
supplied by the same load center breaker that might prevent the
circuit from reaching its full 600 amp capability on the fault.
The adjacent circuit less than 1 inch away contains the redundant

circuit of the other channel to the faulted circuit its:1f.



6)

7

8)

9)

10)

11)

12)

13)

14)

Long~term continuous heating in this case is assumed t) mean any
cable that can last longer than one hour before the conductors
melt. Where tests demonstrate that cables fail within one hour,

this time period will be taken into consideration in the evaliuation

process.

The overloaded cable can maintain the contin. us overucated status

without the operator being aware of the conditionm.

That if the redundant circuit is failed by the overloaded cable
less than 1 inch away, the operator is unaware of this occurrence
also.

That the failures of the redundant circuits cccur either before a
LOCA without the operator's knowledge, or simultaneously with a
LOCA.

The impedances associated with the cable and circuit devices up-
stream of the fault locations are assumed to be negligible, thus
not limiting the energy available at the fault location.

The overloads installed within the starters on Class IE circuits
are assumed not to trigger an alarm that would warn the operator of
the overloaded condition.

For separatica at cross-over points, the failt is assumed to occur
in the conduit line at precisely the point >f ¢ ss-over.
Separation is predicated strictly on an internmal fault of the
conduit affecting an adjacent conduit, not a cormon external
hazard.

That the source cf faulted conduit is directly urderneath the

target conduit.



15) That the IEEE 384 and Regulatory Guide 1.75 requirement of 1 inch
applies for conduit with any type cable installed, that is they
could be conduits with unshielded, untwisted pair instrument wire
rated 75°C operation.

It should be noted that these circumstances when evaluated jointly,
are very congervative. To innlement the abnve test criteria for this
tclé.;rogram, meant tak.ng a typical motor control center circuit and
first subjecting it to high current overloads, up to 600 amps current
which is the largest b..ckup breaker protection for a motor control
center to determine the long-term heating effects. After determining
the heating effects, the tests were also to evaluate point faults and
electro-magnetic interferences.

Even though the point fault and electro-magnetic interference
appeared to be the more conceivable events, the long-term heating proved
to be the more limiting case and herce used as the basis for the sub-

sequent evaluations.



BACKGROUND

To provide a meaningful data base on which to make meaningful
analysis, a test program was prepared jointly with the Franklin In-
stitute Research Laboratories (FIRL). At the same time, a review of the
number of circuits involved at Davis-Besse Unit 1 was made by the design
engineering team. It was found that there were about 30-40 circuits fed
citgcr from Class IE-4.16 KV buses or 480 volt load centers and that
most of these were run as embedded conduits. Since there were so few
circuits, and the test program criteria discussed above would have
required a testing capability of 2,000 amps, which was far in excess of
the capability of FIRL, it was decided to merely rework these conduits
where necessary. This decision allowed the test prsgram to be con-
centrated on power circuits fed from motor control centers or below,
control circuits, and instrumentation circuits.

Early in the test program at FIRL, it became readily apparent that
with the rigid steel conduit usea on Davis-Besse Unit 1, there were no
internal faults that could be generated in cable of No. 12 AWG or smaller
that couvld generate enough heat or discharge encugh energy to have any
detrimental effects on the thick, rigid steel conduit walls thus affect-
ing adjacent circu1t§. No instances of rupturing, bowing or dislocation
of conduits occurred during any of these tests except in one test where
a condulet fitting cracked due to excessive “2ating caused by artifically
helding fault current high and creating the high temperature. This fact
alone was significant since this represents over 90% of the 3,000 Class
IE circuits of Davis-Besse, allowing the program to really concentrate

on the power circuits that may ..nceivably be a greater source of trouble.



At this point in the program, the field had inspected existing
installations and had documented 2,100 cases where Class IE conduit of
one channel come within 1 inch of the redundant channel or within 1 inch

of a non-class IE conduit that may (bridge) the other channel.



Part III: TESTS

The investigation was undertaken to itudy three safety-related
aspects of electric~.l spacing in a2 nuclear power generating statiom, as
they pertain to common mode failures among redundant Class IE circuits:

1. Heat transfer from an electrically overloaded (600 amp max-

imum) conduit (the "source") to an adjacent conduit (the
"target") containing a redundant circuit.

2. Energy transfer from a sustained arcing fault in a source

conduit to an adjacent target conduit.

. 1A Electro-magnetic interference between adjacent conduits as a

consequence of high power transients in cne of them.

Tests were conducted with instrumentation, control and power cables
in conduits of different sizes and configurations :o determine maximum
credible temperature and electro-magnetic effects for adjacent conduits
when physically touching, when separated by the thickness of pipe straps
and up to 1 inch of separation. The cable and configuration were the
same as those used on the Davis-Besse project with the exception of the
electro-magnetic inteference tests.

The test program was conducced in three sections. They were:

ITI-1. Overload Current Test Program

Part A - Phase A 600 A Tests

Part A - Phase B Less than 600 A Tests

Part B Heat Transfer Tests
I11I-2. Sustained Arc Test Program
III-3. Effect of conduit spacing on electrc-magnetic coupling

from power cable faults.



Each part is described in the following manner:
The test description andprocedures used for the test.
Test data.

Observations.

Results from tests.




III-1.0 OVERLOAD CURRENT TEST PROGRAM

For the overload circuit tests, it was assumed that the primary
protective device (breaker) failed to operate and that the current
overload was slightly below the long term 600 amp trip level of the
backup protective device. Therefore, the tests were conducted with
several overload currents, up to values exceeding those thac would
normally trip the primary circuit breaker; but they were maintained
continuously until steady conditions were obtained or a malfunction
occurred. Furthermore, although the current overload caused the temp-
arature and therefore the resistance of the conductor to increase, which
wo. \d normally cause the current to increase, the cverload current was
kept at a constant level during the test.

1.1 600-A CURRENT SUPPLY

A 3P, 600 amp variable current supply was provided using a stack of
three 1§ auto-transformers (480 volt) connected to 3 prirs of 10 step-
down transformers as illustrated in Figure II-8. The maximum power
available, approximately 30 KVA, was sized to provide 600 amp initially
in approximately 7 ft of 3/C #12 AWG cable (connected in wye f .aion).

The currents were monitored using standard, instrument-type current
transformers and ammeters. In addition, two legs of the 30 current wvere
instrumented with current transducers (in se;ien with tlie ammet .s), and
their output was recorded on a 2-channel contin—-us strip-chart recorder.

The voltage between the three phases was monitored by means of a 3-

position selector switch and a digital multimeter.
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III-1.2 TEMPERATURE MEASUREMENTS

All temperature measurements were made using type K (chromel/alumel)
and type T (copper/constantan) thermocoupleas. Measurement of conductor
temperatures was accomplished using an 0.063 inch diameter Inconel-
sheathed ungrounded thermocouple. Measurement of the jacket temper-
atures was performed using twisted and silver-soldered thermocouple
jun;tions. Measurement of conduit temperatures was accomplished using
thermocouple wires electrically welded (for type K) or silver-soldered
(for type T) directly to the conduit surface. The galvanized coating
was previously removed in the vicinity of the thermoccuple.

The output of the thermocouple was recorded.

III-1.3 TEST PROCEDURES

The following general procedures were used to provide results for

phases A and B of Part A tests:

a. Thermocouples (usually 1l in number) were att ched to the
cable conductor, the cable jacket and the corduit. A twelfth
thermocouple was usually used to monitor the ambient air
temperature in the flame test room.

b. The conduit containing the thermocouples and test cable was
positioned in the flame test room.

Ce The test cable was attached to the ene-gizing circuit and the
voltmeter was attached to the connection by alligator clips.

d. The instrumentation (that is, temperature recorders and current
acters were checked to insure proper functioning.)

e. The cable current was quickly brought up to the required level
(for example, 600 amps) by manual coatrol of the auto-trans-

former stack while monitoring the current. Since perfect



balance of current betweer the three phases was not pr 'ble
with this arrangement, the auto-transformer stack was adjusted
manually to provide currents whose average value approximated
the required level.

f. Simultaneous.y with application of the current, an elapsed
time clock was started. The strip chart recorders were started
before the crrrents were applied.

g. Periodically during the tests, selected temperatures and
observations of special interest were recorded on a data log
sheet. The script charts on the recorders were also annota:ed
with chart speeds and elapsed times.

h. The tests were terminated when either thes cable failed (as
evidenced by loss of cable current) or the temperatures stabi-
lized or started to decrease.

i. The cable conduit was removed from the flame test room and
inspected visually.

III-1.4 CONDUIT SUPPORT STRUCTURES

The horizontal portion of the test conduits were supported at
heights of 45 to 80 inches above the floor in the flame test room. Pipe
stands with a saddle at the top were used to supjort the conduits for
the Part A tests. A double thickness of abestos paper insulated the
conduits from the pipe saddles.

Conduits used in Part B heat-transfer tests were supported by

standard Uaistrut pipe-straps and short sections of Unitstrut chacnels.
The channels, in turn, were fastened either to vertical pipe stands or

to a special box-lik~ frame for the crossing conduit configuration.



III-1.5 MEASUREMENT OF CONDUIT TEMPERATURES WITH 600-Amp FAULT CURRENTS
TO DETERMINE MAXIMUM CONDUIT TEMPERATURE OF FAULTED CONDUIT
(Part A - Phase A Tests)

The cable and conduit sizes listed in Table II-1 (together with
summarized results) were assembled into six foot horizontal configura-
tivns and L-shaped configurations (horizontal legs). The ends of the
conductors located in the conduit pull box (condulet) were comnected
together; at the other end of the conduit, the three conductors were
terminated at a wye-connected, current-transformer bank, which supplied
a 600 amp, 30 current. The temperatures of the cable conductors, cable
jackets and conduit surface were measured using thermoczouples and strip

chart recorders.



Cadle Conduit| Time to

Test  Size Size | failyre Minimgm Temmsestyrne (*F)

No. (AsS) fin.) {min) onduit Jachet Longuctor Remartks X

Horizontyl Tests

Al-1 )€ sl2 4 ~0.§ 36 3c0 519 Currents peaked @ 610-6A0 A then decayed to

. ? ) min 3 3 200-250 A. One phased failed @ 0.3 snn,
0.5 min 0.46 min | Another failed @ 0,45 min. Conductors failed
outside of outlet box neur energizing connecticns.

Al-2 3/C 1172 v1.0 120 236 062 Cecay of current started @ 0.7 min. Current was

L] 520-540 A @ 0:9 min. Zoncuctor failed outside of
2.5 min outlet box as in Test Al-1 above.
Al-3 € i6 1-1/2 «2.2 115 260 726 Currents became erratic and varied between $00 and
A 4 @ 630 A, Conductor failed outside of outlet box as
7.4 min 2.4 min in Test Al-l adove.

A1-3C 3/C o6 1-1/2 14.9 192 778 8co After peaking 0 630 A, currents allowed to decay
(see 2 a 2 naturally (i.e., current controls were not
remarks)| 13.5 min [ 13.5 min | 13.3 min |readjusted).

Yimg (min): I O T 1 '35 TIFTIST 135 |
yrrent (A): 1| €00 7480 383 723 1310 lErratic!
Conductors failed outside of outlet box as in
Test Al-1 above.
Al-§ 3 ¢ 2 =172 |24.7 416 605 880 One phase failed 0 23.5 min and other phase
@ k) 3 currents docreased to 160-250 A. Test stoodeo
28.5 min | 22.5 min | 23.2 min 13 +24.7 min, Corductors fiiled within consuit.
Al-6 3 1/C #4.0) 2 ~175 187 266 328 Test stopped 2 175 min, No concuctor failure.
. L Cable jacket tntact but shrunk in leagth on
138 to one conductor leaving 4 c2p of J’4 in, at the
175 min midpoint of the conductor jacket. The insulae
| tion was intact. No conguctor failure.
=Shaped Conduit Tests
A3-1 /¢ n2 3/4 1.1 1no 197 $87 Currents ,c:2ved @ 465-5035 A then decreased
L] 2 L] rapidly to 250 A 2 G.IZ =in.  (ne prase failed
2.0 min 2 0 min 0.7 min 2 0.65 min. Another phat: matnts..z2 130 A
until 1.1 min, Conductor failure possitly
occurred at point of thermocouple insertion
into cable jacket (inside ine conduit).
A3-2 3/C 48 1=1/2 | +1.4 152 240 642 Current cecreased starting 3 0.45 min. Current
. 2 k) was 410-330 4 3 1.0 min, One phase failed
1.6 min 4.4 min 1.5 min 3 1.2 min, Znother phase failed 3 ~1.% min.
Specific point of cadle failure was not deter-
ineqd.
mined
A3-3 J/C #8 1-1/2 2.2 141 260 743 Current decreased starting 2 1.75 min. Curren:
? . @ 2 $20-540 A @ 2.9 min. One phase failed & 2.2 m'r.
4.0 min 4.0 min 2.25 min [Another phase failed 2 2.2 min. Cable jacket
swollen throughout 2nd rustured in two (0catior:
.JCable failed within concuirt.

A-§ 3 1/Ce2 |1-172 |20.5 304 430 802 Two phases failed 3 19.7 min. Condulet fitting
cracked. Could not remove cable from conduit
for inspection, Cable prodadly failed within
conduit.

AJ-6 1 1/C wa/0| 3 220 42 274 308 Test stopped 9 220 min. Cable did not fail,

@ 165 to [Cable jacket shrunk in lenqtn leaving gaps
€20 min |1/3 2 1/2 in. wide n jacset in several places,
The insulation was intact.
TABLE i1 -1

Summary of maximum temperatures with good fault current temperature vs. time

history, for 3,C #8 AWG cable.



I1I-1.6 RESULTS OF TESTS WITH 600 AMP CURRENTS (Part A - Phase A)

The strip chart records were examined together with manually re-
corded data logs. Thermocouple channels which indicated the highest
temperatures (for the conductors, cable jackets and conduit) were
selected for further evaluation. The temperature history of these
selected thermocouples were then plotted for each test in the manner of
Figures II-1l and 12, with annotatione of other observed events such as
loss of current (a conductor failure).

The results were resummarized and are presented in Table II-l. The
highest conduit temperature observed with 600 amp currents was 416°C.
which occurred with a 3/C #2 AWG cable ipr a 1) inch conduit (Test No.
Al-5).

It should be noted that the tcnpetatufos reported are subject to a
+ 8°C instrument tolerance.

The ambient air temperatures in the flame test room were usually
well below 50°C (120°F).* These temperatures were measured at a hori-

zontal distance greater than 3 ft from the test conduit.

*Two test results (i:° indicated room temperature of 50°C and 86°C were
considered anomalous. It was always possitl> to step into the flame
tr t room without discomfort from the heat. Part of the heat was cen-
erated by 300 to 600 watts of incandescent lighting, contained in the

rocm.



FIGURE 11-1]

With 600 A fault current temperature vs. time history for 3 1/C #2 AWG cables
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FIGJRE 1i-12

With 600 A fault current summary of maximum
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I11-1.7 DISCUSSION OF FAULT-CURRENT TEST

The results of these experiments, which are summarized in Table II-
1 are consistent with the hypothesis that the maximum conduit temper-
ature is dependent primarily on the energy dissipated wichin the conduit.
For a steady current through a 3/C cable, the energy dissipated per unit
length of cable is 3123t, where I is the current through each conductor,
and R the resistance per unit length of conductor and t the time that
the current is maiatained. In the experiments under consideration, R
was an increasing function of time because of the heating of the con-
ductor; and it was subject to local variations where & fault developed
in the conductor. Therefore, a quantitative correlation of zonduit
temperature with energy dissipation was not attempted. Qualitatively,
however, looking first at the results of experiments with horizontal
conduits, we see that the temperature rise of the conduit was relatively
low when the experiment was of short duration (approximately ! minute)
because of early cable failure (tests Al-l, Al-2 and Al-3). In Test Al-
3C, which lasted about 15 m.-utes, the maximum conduit temperature was
observed was significantly higher (192°C) even though the current was
allowed to decay as a consequence of increasing conductor resistance,
instead of being kept at the nominal value of 600 Amps by manual circuit
adjustment. A comparable conduit te.. rature (187°C) was attained in
Test Al-6, which lasted a longer time (175 minutel), but in wkich the
conductor was larger and, therefore, had a lower resistance per foot.
In the aforementioned tests, the conductor either did not fail or failed
outside the conduit. In Test Al-5, the conductor rfailed within the
conduit and the maximum conduit temperature observed (416°C) was highe:

than in any of the cothe~ tests in the same series. This implies that



the rate of energy dissipetion in the vicinity of the fault was greater
than the rate along the rest of the cable.

The results obtained with L-shaped conduits were not significantly
different from those obtained with horizontal conduits. The small
differences that may be noted are probably related to variations in the
nature of the faults and their location relative to the thermocouples.
Siné; tha conduit thermocouples were approximately 18 to 36 inches
apart, a fault within the conduit could be located up to 9 to 18 inches
from the nearest thermocouple.

It is interesting to note that the highust conductor temperature
observed in the phase B tests was 973% approachinz within 100° € of the
melting point of copper, 1,050 °c.

It can also be noted that the cable jacket temperatures were gen-
erally intermediate between the conduit and conductor temperatures, as
would be expected. However, a quantitative analysis is difficult: for
one matter, the method of attaching thermocouples to the conductor and
jackets was subject to considerably greater variation than was the case
v;th the conduit thermocouples. Also, after the cables were drawn
through the conduit there was no way of knowing the exact location of a
thermocouple junction within the cross-section (for example, between the
jacket and the bottom of the conduit, near the c:anter of the cross-
section or exposed to an air space). Matters such as these, however,
were of relatively little importance in terms of the objective of the
investigation. It was the conduit temperatures that were of greatest
importance, because these determine the rate of heat transfer to ad-
Jacent circuits; and these were not subject to the problems associated

with the measurement of conductor and jacket tempacratures.



The most meaningful outcome of this first series of experiments was
the demcnstration that maximum conduit heating was not necessarily
accociated with maximum overload current. Conduit heating depends not
only on the rate of energy dissipation within it but also on time; con-
sequently, if a circuit is so highly overloaded that the cable fails
very quickly, there is less conduit heating than that which occurs when

the circuit load is reduced but is maintained for a longer period.



III-1.8 DETERMINATION OF MAXIMUM CRFDIBLE CONDUIT TEMPERATURES FROM
FAULT CURRENTS OF LESS fHAN 600 AMPS. (Part A - Phase B Tests)
TO DETERMINE MAXIMUM TEMPERATURE OF FAULTED CONDUIT
Since the Part A - Phase A test: and a few exparimental tests with
exposed cables (that is, not installed in conduits), indicated that 600
Amp currents in some cases resulted in cable failure before high conduit
temperatures were realized, a scéics of tests were run with fault currents
less than 600 Amps to determine whether conduit temperatures higher than
those achieved with 600 Amp fault currents could be developed.
The cable/conduit configurations and the test currents that were
tried are listed in Table II-2. The test arrangemants are illustrated
in Figure II-8. The temperatures were recorded using thermocouples and

strip chart recorders.
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III-1.9 RESULTS OF TESTS WITH CURRENTS LESS THAN 600 AMPS (Part A -
Phase B)

The tests data were processed in the same manner as for Phase A
tests (Section 4.1). The results are summarized in lable II-2 and a
typical plot is illustrated in Figure II-13. The highest measured
con@q}t temperature was 480°C and occurred with 3 1/C #2 AWG cables in a

1% inch conduit carrying 550 Amps (Test Al-3B).
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These tests showed that the 4/0 cables were large enough to sustain
600 Amps current loads for several hours without failing, and that the
peak conduit tempeature levels reached during this time were less than
the peak temperaures reached when smaller cables (conductor sizes 2, 6,
8 and 12 AWG) were tested.

With one exception, the few experiments conducted with L-shaped
conduits and the one with a vertical conduit yielded maximum conduit
temperatures that were lower than the maximum conduit temperature obtained
with a single horizontal section of conduit with the same cable and
current overload. This can be seen in Figure II-15. An exception
occurred with a test involving conductor size #6, in which the peak
conduit temperature was 231°F in the test with an L-shaped conduit and
222°F with the horizontal conduit. The tests with vertical and L-shaped
conduits were not pursued further because it seemed that they would not
yield conduit temperatures exceeding those observed in tests with hori-
zontal conduits.

This series of tests served to establish the highest conduit temp-
eratures that are likely to occur with the circuits under consideration.
The next step in the program was to investigate how the conduits heated
by an overloaded catle (that is, the faulted conduit) could affect an
adjacent (that is, target) conduit.

The next step in the program was to determine the circuit loading
conditions that would lead to the highest ccnduit temperatures.

The data of tests conducted to determine the current loading that
would ‘'ead to the highest conduit temperature to each type of cable are

summarized in Table II-2 and plotted in Figure II-15.
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1f we look at the curves for conductor sizes 2, 6, 8 and 12 in
Figure II-15, we note the following pattern: For a given conductor
size, the range of current load within which the peak conduit temper-
ature occurs, is relatively narrow; and the conduit temperature drops
substantially when the load current deviates by only iO to 15 percent
from the value that gives the peak conduit temperature. As the comn-
ductor size is increased, the peak conduit temperature also increases;
similarly, the current load associated with the peak conduit temperature
also increases as the conductor size is increased. This patterm is
consistent with the hypothesis that the maximum total energy dissization
(Iznt) increases as the conductor size increases; although the value of
R decreases as the conductor size is increased, the increase in I (current
4t peak conduit temperature) and t (time té failure) appear to be the
dominant factors.

The trend of rising peak conduit temperature with increasing con-
ductor size did not continue beyond the range represented in Figure II-
15, that is, conductor sizes 2 through 12 AWG. Two tests with #4/0
cable (Tests Al-6 and A2-6), with sustained 600 Amp fault currents,
produced maximum conduit temperatures no higher than 187°¢C after approxi-
mately 3 hours, at which time temperatures had stablizied and there was
no outward indication of impending cable failure.

There was.some slight smoke and some liquid dripping from the
outlet box during the time interval cf 45 to 112 minutes elapsed time.
This is probably the result of the heat removing the volatile ingre-
dients of the insulation and jacket. (See also the remarks column of

Table II-2.)



III-1

.10 MEASUREMENT OF HEAT TRANSFER BETWEEN ADJACENT CONDUITS (Part B

Tests) TO DETERMINE MAXIMUM TEMPERATURE OF TARGET CONDUIT

The following general procedures were used in the Part B Tests:

a. Thermocouples were attached to the source conduit and the

target conduit. Because of the temperatures ranges (up to
500°C on the source conduit and up to 200%¢ oﬁ the target
conduit), type K thermocouples were used on the scurce conduit
and type T on the target conduit. (The type T thermocouple
systems provided better temperature accuracy at "low" temp-

eratures, but the recorder was limited to 260°C maximum. )

b. The conduits, with thermocouples attached, were assembled in

the flame test room into the required configuration. (See
Table II-3). The heaters for the source conduit were connected
to the energizing and control circuits. Thermocouples were
connected to their recorders and tested for proper functioning.
C. Upon appiication of power to the source conduit heaters, an
elapsed time clock was started. Temperature recorders were
previously started. The temperature of the source conduit was
increased to the first temperature level of 150°C and main-
taines wvhile monitoring and recording the temperature of the
target cor juit(s). When the target temperature appeared to be

stabilizing (for example, less than a 3% change in 5 minutes),

example, 200°C), and so on. The test was performed at source
temperatures of 150, 200, 300, 400 and 500°c. The average

the source temperature was increased to the next level (for
period of dwell at each temperature level was 20 to 30 minutes. 1
|
|
\
|
|



The same conduits and thermocouples were used in tests that
differed onlv in the separation of the conduits. The conduits
were allowed to cool well below 100°C before they were readjusted

to a different separation distance, and retested.



III-1.11 SOURCE CONDUIT HEATERS

The source conduit for the Part B, heat-transfer test was heated by

the following methods:

B For the 3/4 inch source conduit, resistive heating was achieved
by passing a controlled current directly through the steel
wall of the conduit.

b. The l)% inch sourc= conduit was heated by three 2.0-kW Calrod
resistance heaters (approximately 6 ft long), which were
assembled inside the conduit and in close proximity to the
conduit walls. The power input to the heaters was controlled
using a stack of three 1f auto-transformars* which were wye
connected for 30 power control of the heaters.

The temperature of the source conduits was mcnitored by use of

thermccoupies. The temperature was contrclled by manual adjustment of

the auto-transformers.*

*The auto-transformers were the same ones used in Part A tests.



Conduits of 3/4, l% and 3 inches sizes were arranged in configura-
tions simulating field installations (that is, side by side, over and
under in parallel runs, and over and under in perpendicular crossings)
as summarized in Table II-3. The conduits were held in place with "Uni-
strut" pipe straps and sections of "Uni-strut" structural channel. The
free air space between conduits was varied between 0 and 1 inch in the
crossover configuration and 1/8 inch (with pipe straps touching) to
1 1/8 inches in the parallel configurations.

"Touching" is defined as that condition where two adjacent conduits
are installed as close as possible using the existing support details
for the Davis-Besse project. As shown in Figure II-7, this represents
physical contact at support clips only, with an air gap of approximately
1/8 to % inch between the conduits.

To prevent end effects from having a significant effect on the test
results, a conduit length to diameter (L/D) ratio of 10 was considered
adequate. The conduit length of 6 ft that was used gave (L/D) ratios
that considerably exceed this requirement; the L/D ratios were 96, 48
and 24 for the 3/4, l)s and 3 inch conduits respectively.

In each test, a conduit designated as the source or faulted conduit
was heated internally to temperatures of 150, 200, 300, 400 and 500°¢
and held at each temperature successively while the temperature of the
adjacent target conduit(s) was measured. These temperatures were based

on the preceding tests.
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TABLE 11-3(Cont)
Summary of heat transfer test temperature vs. time historices for adjacent

1-1/2 in.
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II1I-1.12 HEAT TRANSFER TEST RESULTS (Part B)

The test data were processed in the same manner as for Phase A
tests (Sectiun 4.l1) except that the analysis was limited to source-and-
target-conduit temperatures only. A typical plot of a temperature
history is presented in Figure II-14. The results are further summa-
rized and presented as Table II-3. It should be noted that the source-
conduit temperatures are the highest temperatures measured at the thermo-

couple locationms.
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III-1.13 HEAT TRANSFER TESTS

Selected results of tests to investigate the effect of heat trans-
fer from an overheated, source conduit to an adjacent, target conduit
are summarized in Table II-3 and plotted im Figure II-16. It is readily
apparent from Figure II-16 that the influence of the source cenduit ocu
the target conduit is approximately the same in the side-by-side and
crossover crnduit configuratins as long as there was some free air space
between them, while the configuration of a target conduit above the
source conduit leads, as had been expected, to significantly greater
influence of the source on the target. For a given configuration, the
influence decreased with increased separation between the conduits. As
can be seen from the curve for the crossover configuration with the
conduits in contact, the absence of any free air space greatly enhances
the heat transfer between conduits. In the case of parallel conduits,
the conduit support straps prevented contact between conduits in the

tests conducted.
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III-1.14 GENERAL OBSERVATTONS

Smoke GCeneration - Considerable smoking of the cables. accompanied
by a noxious odor, was observed when they became heated by overload
currents. The smoke was visible from exposed sections of cable, and
also noticed leaking out of conduit joints (at the condulet on one end
and the junction box at the other end). The smoking usually started
well before a fault occurred.

The smoke generated by the heated cables is a potential visual and
olfactory indication of malfunction.

Discoloration of the Conduits - The steel conduits became dis-
colored as they were heated by the overloaded cables (or the heater
simulating overloaded cablés). The surface first turned brown in color
and as the temp:arature continued to incteaée, it then turned a greyish
white. Along with the discoloration, a slight smoking of the surface
was sometimes visible. The discoloration and smoking were probably
caused by the heating of the galvanized surface or of compounds left on
the surface during the manufacturing process.

As with the smoke generated by the cables, the discoloration and
slight smoking of the conduits are potential visual indications of
malfunction.

Effect of Ventilation - In one test (No. B3-2A), the exhaust blower
in the test room was turned off for 20 minutes to check whether the
level of ventilation used during the gests had a significant effect.
This was conducted while the source conduit temperature was being main-
tained at 500°C. It was found that the conduit temperatures increased
by 2 to 3°C while the blower was off, but this rise appeared to be &

continuation of the normal temperature stabilization. Based on this



observation, it appears that the low level of ventilation that was
necessary to exhaust the smoke generated during the tests did not have a
significant influence on the conduit temperatures. Accordingly, the
test conditions may be regarded as being representative of those that

apply in unventilated areas inside a plant.



I1I-2.0 SUSTAINED ARC TESTS

To investigate the effects of sustsiﬁed arcs on a conduit system a
test configuration was set up to place an intentional fault intermal to
a conduit with the conduit wall being part of the fault circuit. Temper-
ature rise of the conduit surface was observed to determine if this test
was a bounding condition on separation.

The equipment used | eircuit configuration was as shown on Figure
IV-8. The test description is regarded as notes to the data sheet Table
Iv-1.

I1I-2.1 DISCUSSION OF SUSTAINED ARC TEST RESULTS

After repeated at:empgs it became apparent that sustained arcing
faults could not be maintined. Once the arc was established, it vaporized
the conductor material at the point of fault. Al. faults were completely
contained within the rigid steel conduit and therefore would not directly
affect another conduit.

Temperature rise of the faulted conduit did not exceed 55°C in the
worst case recorded and, due to the nature of the test, was a transient

effect.
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Arcing fault test serup
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‘J.
2.

3.

Injuctors were two large Scecial current transformers connected in parallel. There was no information
on their impedance, no. of turns, etc. Their dimensicns are approxirately 21 in. by 21 in. by 14 in.
thick with a central nole :zproximately 6 in. by & in. N ‘i ! 4

L]
The tests were cesigned a~d performed 5y 0. Schieran of Bechtel with FIRL support. The test description
and resuits were proviced by “r. Schieman.

The measure~ent of arc duration was limited by the capability of the current recorder (Item Yo. 18-286)
whose pen response is cescribed as “faster than 0.3 s for full scale response.' Because the current traces
appeared 3s instantansous sziads on the recorder chart traveling at i6 in./min, the arc durations can only
be reported as icss thanm 0.3 s. .

The maximum currents can e reported only as acproximate values due to the transient nature of the currents
and the recorder limitations discussed in hote } adove.

The conduit was equioped with a thermocoudle on the botton and ancther on the top. Maximum conduit temper=
ature rise was deternired b5y the difference in pre-test and post-test conduit temperaturces recorded on
Item No. 1£-237.

TABLE V-1
Summary of sustained ARC Tests

‘ “ﬁ'.f
! NO. PAX. = Ton
CABLE Cf FUSE INCGUCTOR TEST YISUAL CUREILT TB' L
TEST |SiZlE OnCUCTORS Tee uszd CONFIGURATION RESULTS ARC (tote: &) RIS
ko, AL ts=0 123 8) | (%22 1) (tasa 2) (tate 2) CUNATION (A (%
! S —— — ALl ! S :
1 p/ein i ELS YES Corductor touching Conductor strands lote 3 160 ~l
inside of conduit. burned off to con~
ductor insulation.
100 A fuse did not
onen.
2 y/C 412 1 ELS YES Same as for Test 1. Sare as for Test | Note 3 240 A
except fusc op2ned.
3 /€ 212 Jin ELS YES Conductors twisted Apcroxirately Y5 of tiote 3 520 L
parallel together and bent concucters burnt off
into U-shase with on Send where they
bottom of U touching | were touching the
the insice of the cenduit. The fuse
condui t. crenea.
N |3/C f12 1 ELS N0 Saze as for Test |. | Sc=e as for Test 2. Hote 3 360 all
5 3/C s12) 3 in ELS L0 Concuctors twisted Tne tips oi tha con- lote 3 176 Nl
parallel together and bent ductors relted. The
td touch the inside fuse opened.
of the conduit.
6 3/¢ 12 3in £CS 1o Same as for Test §. 1o arc. Fuse cpened None 120 g
parallel too fast.
7 |3/¢ 12 3in ELS B Receat of Test & lone reported except tiate 3 304 iz
paraliel with ELS fuge. fuse coened.
8 3-1/C 22 I ELS Yis One 32 conductor tone regorted. Note 3 ~184 "
i - = terminated with 3
strands from 3 712
conductor, Strands
- whiskers arranced to
touch insicde of 14"
;- conduit.,
9 3q4/¢c 22 ] ELS YES Similar to Test 3 Nane reported. lote 3 240 A9
1] 31/C 22 I ELS YES Similar to Test 3. Conduztor strands tote 3 AbY i3
burred ~'; in.
1 /¢ 22 1 ELS L0 Similar to Test 3. tone reported. Note 3 ~296 ~j
NOTES:



I1I1I-3.0 EFFECT OF CONDUIT SPACING ON E. ECTROMAGNETIC COUPLING FROM
POWER CABLE FAULTS
INTRODUCTION

In some power genmerating station applications, where electrical
conduits carrying irstrumentation cables are in close proximity to other
conduits carrying relatively high nower electrical dis:iibu:ion cables,
electromagnetic emergy from high current faults that may develop in the
distribution cables may be coupled to the instrumentation cables.

A series of tests were performed by the Applied Physics Laboratory
of FIRL to determine the magnitude of the coupling and its dependence on
conduit type and ~onduit separaticn. The tests and results are described
below.

I11-3.1 CABLE LAYCUT, FAULT-CURRENT GENERATION AND MEASUREMENT
INSTRUMENTATION

To produce a mzasurable value of EMI for comparative purposes, with
separation of the conduits as the vaéiable. it was necessary to rearrangc
the electrical circuit configuration from that installed at Davis-Besse.
To increase fault current and increase EMI, the impedance of the circuit
was reduced by elininating the conduit and/or ground conductor a:; a
fault path return. This would also eliminate the cancellation effe:t
(typically 80U%; Re:. IEEE-68-TP90-PWR) on the strength of the magnetic
field due to the return current traveling parallel to the faultgg

conductor. See Figure III-1 for the cable/zonduit layocut.



From this arrangement several different configurations were tested.
Included were both power cable (source) and instrument cable (target)
with no conduit; and both cables in adjacent steel conduits. In all of
the "conduit" configurations the general geometry of the cable layout
was the same: the source cable (3 paralleled, twisted #8 copper wires)
was arranged in a rectangle 30 ft by 20 ft, and the target cable (130 ft
of ahieldcd twisted pair instrumentation cable supplied from plant site)
was placed in a straight line close to a 20-ft side of the source cable
rectangle. Measurements of induced voltage in the target cable were
made with source and target conduits "touching," and with 1 inch and 3
inch separations measured between conduit outer walls. For the tests
without conduits, the source and target cables wera taped together; for
tests with the cables in touching conduits, the conduits were in contact
in as many spots as possible.

The source cable was powered (from the side of the rectangle 30 ft
from the target cable) through a three-phase contactor by two phases of
a 480-V/30/60-Hz line. A 100 Amp delay fuse was inserted in series with
the source cable. Closing the contactor produced fault currents of
about 18,000 Amps for one to two power-line cycles.

Both source and target waveforms were monifiored by wide bandwidth

(greater than 150 Hz) oscilloscopes.
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Current source and receptor configuration




The voltage induced in the target cable was measured three ways:
wire to wire; wire to shield; and wire to wire-shorted-to-shield; the
last of which is not a normal condition. This essentially is a voltage
between the conductor and the shield. All measurements were performed
with the far ends of the source and target cables both open and shorted.

Maximum voltages were recorded with the far end of the target cable
shorted and measurements made between wire and wire-shorted-to-shield.
All further measurements were made using this configuration to obtain
the highest noise levels possible.

III-3.2 EXPERIMENTAL RESULTS

The oscilloscope triggering was arranged so that the fault-current
monitoring scope was triggered by the first positive-going voltage
appearing at the scope input. The induced-voltage menitoring oscil-
loscope was trigger:d by the sweep of the fault-current monitoring
scope; thus both sweeps started at the same time.

Although there was some variation of waveform due to fault in-
cidence, the induced voltage was a rapidly dampened, high-frequency
(about 3MHz) transient waveform with maximum amplitude of about 3 volts,
peak to peak, over a time span of 3 to 5 micro seconds and decreasing
exponentially on tae order of 20 micro seccnds. See figures III-8, 9,

17, 18, 19, and 20.
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II1-3.3 DISCUSSION OF EMI TEST RESULTS

At first glance the results of the tests may seem surprising since
so little voltage was induced in the nearby target cable by an extremely
high current change in the source cable. We must also take into con-
sideration the fact that the layout of the test was derigned to maximize
the pickup by the parallel runs of target and source cablcl, and most
1lp6filntly the fact that the tests simulated a phase~to-phase or phase-
co-ground fault that had a current return outside the source cable or
conduit (pickup would be reduced otherwise, in that there would be
magnetic field cancellation by the returm current).

The factors that must be taken into account to understand the
results are: (1) the fact that for any pcwer distribution network of
large dimension the conductors themselves present an inductance that
prevents extremely rapid current change - and it 1s primarily the rate
of current change that provides coupling to nearby cables; (2) the in-
strumentation cable tested incorporates in its makeup the specific
remedy for unwanted electromagnetic coupling - it is a tightly twisted
pair within a fairly good conductive shield.

It must be noted the characteristic response of the instrumentation
cable was a damped sine wave having a frequency >f about 3 MHz; this
frequency is a direct result of the cable lengtt of 120 ft. If a short
electromagnetic disturbance is coupled to the lie, the disturbance will
"rattle around in" or bounce from end to end of the line (assuming a
line mismatched at each end, as our cable was) until it dissipates. The
time between recurrences of the disturbance at one end of the line will
be the time it takes the disturbance to travel to the other end of the

line and back. In our case, this is about 2/3 (ft/nanosecond) x 240 ft,



or approximately 0.36 us. This would result in a repetitive w.v;forn
with a frequency of 2.8 MHz. This approximate calculation agrees well
with the observed frequency of approximately 3 MHz.

Based on chis analysis, the actual frequency observed in a current-
fault occurrence would be expected to be primarily determined by the
receptor cable length, and the amplitude to depend on the fault magni-
tude and the source-to-target cable spacing and geometry.

III-3.4  SUMMARY AND CONCLUSIONS OF ELECTROMAGNETIC COUPLING

From 131 fault-current coupling measurements, using fault currents
between 13,000 and 18,500 Amps, and tests specifically configured to
induce EMI, no induced voltages were obtained greater than 3 V peak-to-
peak for longer than 20 micro seconds in a nearby instrumentation cable.
The separation between the fault-current cdnductor. or its conduit, and
the instrumentation cable, or its conduit, was varied from C to 3 inches.
Table ITI-2 lists the maximum voltage observed under each set of conditions.

Although there are uncertainties in the data, primarily dve to our
inability to switch the source voltage at a controllable, repeatable
instant, we believe the data demonstrate that the voltages coupled to
instrumentation cables near fault currents of 18,500 Amps are in the
order of 0.5 to 3V peak-to-peak; this was true for spacings of 0 to 3
inches. These specific conclusions hold only for parallel runs of about
the length investigated ~ about 20 ft. However, we can conclude that
the spacing of from 0 to 3 inches should have little influence on the
magnitude of the coupling, no matter what the length of the parallel

cables.



TABLE III-2. MAXIMUM OBSERVED TARGET CABLE VOLTAGE (PEAK-TO-PEAK)

Free Air Space (in.)

Configuration Zero 1 3

No conduit on source g - 26 B -

or target cable

Both cables in l-in 3.0 13 3.08 3.0 8
steel conduit
Source in steel 2:.75 17 - -

conduit - target bare
The circled numbers give the number of measurements
obtained for each set of conditioms.
We feel compelled to state again that we were only able to get
measurable induced voltages through a contrived conduit arrangement
not typical of what exists at Davis-Besse. Therefore, the test
evidence linking "target" cable length to frequency of the induced
voltage is strictly academic. Again it must be noted that the tests
were artificially contrived by not taking credit for the cancellation
effect of the return current in the conduit for the sole purpose of
acliievine measurable signals on the target cable. Where lower values of
fault current are used and the conduit or cable ground conductor returns
the fault current, no measurable signals on the target cable could be

recorded.



Iv"loo

A.

CONCLUSIONS

From the results of the point fzult tests it is concluded that

point faults in the Davis-Lesse conduit system

1.

2.

3.

Do not propogate beyond their own conduit.
Do not elevate the temperatures significantly of the faulted
conduit.

Are not a factor in separation criteria.

Frca the results of the EMI tests and the noise rejection capability

of the RPS and SFAS systems it is concluded that:

l.

On the Davis-Besse conduit system, no EMI is introduced into

the target cab.es that exceeds a 3 volt peak-to-peak signal

for a longer dur;tion than 20 micro seconds. The only safety
systenms that use low level analcg signals that could be affected
by this EMI are the RPS and SFAS systems. Since the RPS and
SFAS bistibles do not electronically seal-in for a signal less
than 52 milliseconds and 15 milliseconds in duration respectively,
the induced signal will not cause the RPS or SFAS systems to
trip. Trerefore the EMI produced will not adversely affect

the safety functions of these systems.

EMI in .lLie Davis-Besse conduit system is not increased for
separation less than one inch.

Conduits closer than one inch do not degrade other systems
because of EMI since separation is not a factor due to the

shielding used on Davis-Besse instrumentation cirzuite



C. From the results of the heat transfer tests it was found: The
maximum temperature of the faulted conduit carrying No. 12 AWG
power cable was 230°¢ (test Al-1C) with 85 Amperes. Lower currents
caused lower temperatures and higher currents, due to melting of
conductor, and therefore shorter times, a. ;o caused lower tem-
peratures of the faulted conduit. Combining this wi::X the results

-.;f the B series of tests on #12 AWG which showed the vertical

configuration with conduits touching to be the worst case, results

in the first design criterion based on thermal consideratioms.

(Reference is made to Figure II-16.) Quotations from Appendix A.

"1. Conduits carrying control, instrumentatisn, or power cable
(where the power cable is limited to 480 volt or lower and No.
12 AWG or smaller) are allowed to touch each other."

As it was not practical to seek another laboratory to do high power

testing, in the time frame involved, and relatively few conduits were

involved (a dozen or so) the design criteria for conduit separation fbr
power cables 13.8, 4.16 KV and 480V load cenfters was based on Regulatory

Guide 1.75 i.e., one inch separation. These twc design criteria are:

"2. Conduit carrying essential class IE 4.16 KV power cables or
480 volt center power cables will have a l-inch minimum separa-
tion from conduits carrying class IE circuits of a redundant
channel."

"3. Conduit carrying non-essential 13.8 KV, 4.16 KV, or 480 volt
load center power cables that bridge conduits carrying essential
class IE circuits or redundant channels will be separated from
conduit carrying circuits of the redundant channel to give a

minimum separation of 1 inch."



The 1 inch vertical configuration was shown to be the worst case
from the heat transfer tests (Test Al-5B ) and the maximum source
conduit temperature was 480°C for conductors larger than #12.
Using the worst temperature case of the faulted source conduits
(Test Al-5B) and the vertical configuration, which is the most suscep-
tible to heat transfer (i.e., the worst case) gives the curve and axis
point to determine the worst target temperatures. From Figure 1I-16
this temperature is 167°C for the vertical configuration with 1 inch
separation. Using the same figure for the horizontal-touching gives a
maximum temperature of 127°C. and for crossing with 1/8 inch separation,
a temperature of 120%¢.
Considering: 1. the c;bles used have been tested for 160°C for 13
hours LOCA conditions and, 2. the maximum teaperature of 167°C could
only be reached by manually adjusting the {ault current to hold it
constant to counteract the inherent increase in resistance due to
temperature rise;
The following design criteria are conservative and just. fied:
"4, Conduit carrying essential class IE power cable of 480 volt or
lower voltage with conductor size larger than number 12 AWG,
and not covered by 2. above, will meet the following criteria:
a. Will have a minimum of 1/8~-inch separation from the
surface of any conduit crossing above which contains an
essential class IE circuit of the redundant channel.

b. Are allowed to touch conduits containing an essent.al
class IE circuit of the redundant channel when installed

in a horizontal, side-by-side configuration.



¢. Will have a minizum separation of 1 inch from gouduitn
containing an essential class IE circuit of the redundant
channel mounted directly abovo and running parallel.”
To control bridging of conduits it is necessary to impose a fifth
design criterion relating back to the previously statod_icema therefore:
.rS. Conduit carrying non-essential power cable 480 volt or lower
voltage with conductor size larger than number 12 AWG, and not
covered by 3. above, that bridge conduits carrying essential
class IE circuits of redundant channels will be treated as in
4, a., b. and c. for proper separation from the redundant
channel."
It is therefore concldded that conduits placed closer than 1 inch,

but limited by the five criteria established abov:, creates no adverse

impact to adjacent redundant channels of Class IE circuits.



