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for 07 rations /MEMORi.'CL'M FOR: Executive Directo

FROM: Jchn Ahearr.e C 9 ,

./
SUBJECT: CUEST!ONS CO?.CER::I:4 RIL .'o.123: ELECTRICAL

'

TERMINAL BLO:XS

REFERENCE: ICREG/CR-leo 2

I would appreciate your providing me so .e information regarding the
evaluation and reccrer.dations of this July 2,1951 Research Information
Letter. In particular: -

(1) The RIL reco= ends "All nuclear pc..er pla,nts using terminal
blocks in circuits important to safety within the reactor contaircent
should be inspected to verify that all terminal blocks are enclosed in;
a protective enclosure." ,

.

~

(2) "All terminal blocks utili. zed in systems incortant to
safety should be cleaned at least once after construction and possibly
periedically thereaf ter."

(3) " Procedures should be established to keep the terminal
blocks clean, and appropriate guidelines should be issued to maintenance
personnel regarding the remcval of enclosure covers and the cleanliness
of terminal blocks. For example, fingerprints on terminal blocks
significantly increase the probability of a low-voltage breakdown

,

failure."

| The first recc=endation is for an ins::ection. The second and 4g
third recomrendations are for possible changes in procedures. 'n' hat is /
I&E doing with respect to these recom endations, which address actions
with respect to currently licensed plants?

The RIL also reco= ends "For new plants, it is recommended that
terminal blocks be eliminated, placed in a lermetically sealed enclosure
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s:Lon used in electric equipront infortant to safety, er rcved outside of
The RIL requests pec..pt e.ar.inaticn by ||RR. I veould.

- cchtair ent." 7

!.rpreciate I/: :ing i,RR's position en this retc=endation, in particular, .

*j[ -s.bich Of the folic. wing three correctly describes !.RR's position (any ,
.

neuld be ade;uate; I do r.ot see that there is an alternative, adeauate
;'esi tion) . First, the licar. sees are cofr.g this; seccnd,f;RR is not sure f.,

C
Rc 03rch is correct and thsy are doing to verify /

'

Resaarch's position; or, !;RR knows Researen's position is incorrect,
bccause .

,

cc: Chaint.an Palladino
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MEICRACL"1 FOR: Harold R. Denton, Director
Office of Nuclear Reactor Regulation

Victor Stello, Director
Office of Inspection and Enforcement

FROM: Robert B. Minogue, Director
Office of Nuclear Regulatory Research

SUBJECT: RESE *RC'-i INFORMATION LETTER * l?3 PERFORM.NCE OF
tLECTRICAL TEMilNAL BLOCK 5 EDOSED TO A LOCA OR
STER * ENVIRONhiENT

INTRODUCTION

This memorandum transmits a sumary of the results of a completed portion
of the NRC Qualification Testing Evaluation (QTE) Program relating to
the adequacy of currently utilized electrical terminal blocks when
exposed to loss-of-coolant accident (LOCA) or steam line break conditions'
in a reactor containment. (See Reference on page 9.)

Electrical connections in nuclear power plants are made*with electrical -

connectors, pemanent splices and terminal blocks. Research has been-

conducted on both electrical connectors and splices, and reported previously.

The teminal blocks utilized in nuclear power plants are usually mounted
in non-hemetically sealed enclosures with pressure relief or liquid
drainage holes. A generic assessment of electrical teminal blocks was-

conducted using blocks of the type installed at TMI-2 as an example.
Based upon a cursory review of other terminal blocks used in nuclear
power plants, the conclusions reached as a result of this research and
the recomendations made in this Research Infomation Letter are pertinent

.to_all teminal blocks that may be exposed to LOCA or steam line break
conditions.

The research consisted of a series of about 600 experiments on Dil-2 |
teminal blocks under different steam containment and enclosure environments. i
Failure modes were identified and a model was developed that predicts. |

the probability of an electrical breakdown failure under combined i

environmental effects of several accident conditions. It was concluded
that teminal blocks utilized in currently operating nuclear power
plants should be cleaned and covered at all times, and that, for future
plants, tehninal blocks should be mounted in hermetic enclosures. -

G id? f\W,u. . ,
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Prior to the TMI-2 accident, about 600 of the 3,000. electrical terninal
block connections inside the TNI-2 containment were replaced with permanent
splices. This change was prompted by deficiencies in the LOCA qualification
of electric equipment important to safety previously discovered in the>

QTE research program. Specifically, the previous research resulted in
an I&E bulletin requesting a review of electric equipment important to
safety required to operate during a LOCA. The teminal blocks at TMI-2
associated with this type of equipment had not been adequately qualified

.

for LOCA operation and were replaced by pemanent splices that had been
! qualified.

The question was posed by RES management as to whether or not the TMI-2
accident could have been worse if the terminal blocks had not been
replaced. Also, since teminal blocks were suspected of being a weak
portion of many systems important to safety, it was decided to perform
an assessment of the adequacy of terminal blocks to function during
loss-of-coolant and steam line break accidents. Accordingly, the scope-#

of the study was expanded to include a wider range of accident environments
| than TMI-2.

,

1

! The long-range plan for the QTE program calls for a design verification -

study of electric equipment important to safety to begin in FY 82.
Since this design verification program is still under review by NRR and'

RES, it was felt that the teminal block study would serve as a pilot+

project for the planned program, helping to evaluate'its usefulness.

TESTS

Testing was conducted on GE CR151 and GE CR 2960 and States Co. ZWM 25006;

terminal blocks under varying conditions. The-review of previous work-

showed that the important parameters affecting the tenninal block leakage
current are relative humidity, temperature, teminal voltage, contamination,
and the teminal block geometry and method of installation. Based upon
radiation data available on the insulating materials used in the teminal,

' .-

blocks, radiation testing was not included as a test parameter.-

Although there is no previous work suggesting adverse effects caused by
_ hydrogen, some scoping tests were conducted with a low concentration of

,

-

hydrogen which was. introduced into.the test chamber. These. tests were-
conducted because of _the hydrogen release during the TMI-2| accident.,

'

Data were obtained at 110*F. and 186*F. ..and supplemented by data from
the literal,ure at 326*F. Voltage was varied between 120, 240 and 480; ~~

volts between terminal and ground and leakage currents were measured.'
-The effect of surface contamination was also studied. The contaminants
were those that would be in tha containment spray and the reactor coolant.

-

;

|' .or have been detected in. power plants under normal-operation. -Tests

L <
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.. era c:nducted with bctn enclosed and open terminal blocks. The tests
with the enclosed teminals had a 6m drainage (pressure relief) hole in
the enclosure which is representative of field installations.

The hu tidity was maintained as high as possible in the test chamber and
was approximately 100% for all tests. Because THI-2 type accidents were

.

of primary concern, the pressure was maintained at one atmosphere. This
made it possible to use low pressure test chambers and simplified the
problem of introducing contaminants and making measurements and observations.
Contaminants were introduced by addition to the steam jet and, in some
tests, by direct application to the terminals.

The failure criterien was the terminal to gmund leakage current.
Failure was judged to occur when a significant increase in leakage'

current occurred. Inis increase in leakage current would result in an.

irreversible short circuit. Most of the data obtained was for cases
where failure had not occurred. These data were used to validate a
statistical model that was postulated to predict teminal block failure
rate.

| RESULTS .

1 .

.
.

As a' consequence" of the relative simplicity of the test apparatus and -
'test method, considerable data were obtained. However, these tests

cannot be used as a basis for qualification of terminal blocks for. any -.

.

a full LOCA accident sequence. The purpose of the testing was to identify
.

failure modes and detemine the probability of significant degradation
or failure when subject to a TMI-2 type accident environment. ~ However,''

the test results and interpretation can be applied to a broader accident
spectrum.

At'the voltages in use in electric equipment iiiportant to safety that s

include teminal blocks (equal to or less-than 480 volts), the usual
high-voltage insulator failure mode is not relevant. However, it is
possible to experience a surface breakdown at these lower voltages if
the teminal block is exposed to certain accident environments. Although

.

the physical process of.this low-voltage breakdown, which is sometimes
referred to as " tracking,"'is complex, the result is a reduction in
resistivity from teminal to ground or teminal to terminal caused by a
path or track of degraded insulating material containing free carbon.
This-relatively low-voltage breakdown of phenolic type insulating materials
has been noted cnd analyzed by others. Although there is no definite
conclusion as to the exact physical and chemical process leading to the

- material degradation, the following is.a plausible explanation that
reflects the current consensus of opinion and correlates, to considerable

-

extent, with the observed degradation.

| In the presence of moisture and contamination, a conducting path _in the -
! fom of a surface film is generated between the teminal and ground (or

_between the teminals). This is evidenced by a leakage current which,
under normal- dry conditions, would be a few microamperes with a 480-volt-

j

L

_ _ _ _ _ _ __ - _, _
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potential between the terninel and ground, and under wet conditions
- could be as high as a fe.- rillis peres. The heat resulting frem the
- leakage current flow eva; crates a portion of the conducting film, foming
y localized, narrow " dry bar.ds" (:hich tend to be oriented perpendicular to

the normal leakage current fic,,. When the " dry band" is fomed, the
i leakage current is reduced, and a higher voltage difference develops

across the band. The electric field resulting from this voltage difference
_

can cause a breakdown on the surface of the phenolic material if the
E " dry band" s:idth is narrow. This breakdot n will result in an electric

discharge on the surface or in the air above the surface. In either
case, the energy associated with this discharge damages the surface of
the teminal block, leavinc a residue or " track" of carbon on the surface

_

of the block. For the subject study, thase cc 31icating physical processes-

were taken into acccunt by knowing that the degradation from the low-
voltage brear,cewr. v.ould result in a gress icss of surface resistivity

- and a corresponding increase in leakage current. The leakage current is
the parameter which directly affects circuit performance and, therefore,

- was utilized as the degradation paraceter for this study.

I For low values of leakage current, the low-voltage breakdo.:n mechanism
_

is reversible in that if the voltage is removed, there will be no carbon
residue. However, for a leakage. current greater than one to one and a .

- half milliamperes at room temperature, the process is irreversible in
:- that, if ,the applied voltage is sustained, an eventual failure will

. occur. This has been shown to be true for phenolic materials of the type-

.

used in the terminal blocks tested at room temperature. At higher
_

temperatures, the critical yalue of leakage current increases. At
least, to a first approximation, this conclusion was correlated in this
research. It was these critical values of leakage current that were
taken as the indicator of probable failure.

_

' '
Although the generation of carbon residue was referred to above as

_

representing pemanent damage, it was noted that in many cases, if the'

; voltage were removed and the teminal block allowed to dry, the terminal
- to ground resistivity would return to its nominal value before the test.

.This means that we cannot judge TMI-2 terminal blocks' performances byr ..

L measurements made after the accident, nor can we judge LOCA qualification
of teminal blocks by post-LOCA test measurements.

.
- A review of the literature and also a comparison of the data from the

three types of teminal blocks tested show little dependence of leakage'

current on the phenolic material in the teminal block, and, in fact,_-
this is consistent with the " dry band" mechanism postulated. For this
reason, the results from this research should generally apply to all

-

materials ,ocks of similar geometry and using similar phenolic insulatingterminal bl-

[ ,,

1

-

-
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The low-voltage surface breakt..n eficct is strongly dependent on the'

' a-tient level of relative hu-..idity. Tne effect was not studied for
-levels of relative humidity less -lan 100*: as this was considered to be<

outside the scope of work for this ::rerram. In any event,we are not,

aware of teminal block failures caring normal plant operation. However,

during an accident of the type experienced at TMI-2, the relative humidity
is close to 1000, and it was at this level that all the teminal block
tests were made.

The low-voltage surface breakdown effect is also strongly dependent on
temperature. As mentioned above, tne critical value of leakage current
varies with temperature. Also, the measured value of leakage current
can be expected to increase with temperature, since .the resistivity of
all conducting films is reduced with increasing temperature. This

,

effect is the result of the increased dissociation of the charge carriers
at higher temperature. 2.lso, the water film inventory on the teminal
block is affected by the water absorbed from and evaporated into the air
surrounding the terminals. The combined effect of these influences
results in a greater probability of teminal block failure with increasing
temperature.

The low-voltage surface breakdown effect is also dependent on contaminants!

that are deposited on the phenolic surface. The contaminants can be ,
,

deposited on the teminal blocks during normal operation or fmm the#

i reactor. coolant and/or during a loss-of-coolant. accident. In any cas'e,
the. presence of moisture and certain contaminants result in significantly.

higher values of_ leakage current. Specifically, boric acid, containment
spray, detergents, acetone, methyl iodide, chlorine, bromine, and dust

,
' '

collected in the test laboratory were all used as contaminants. 1.iquid
contaminants were introduced into the steam spray, while solid contaminants
were placed on the teminal block phenolic material before the experiment.-

,

Hydrogen can be expected *to be present during a loss-of-coolant accident
but its influence on teminal block failure was not completely ~, examined

,

experimentally. .. Due to the stability of the hydrogen-molecule a significant
effect-on change in resistivity would not be anticipated, and, in fact,
there are no data in the literature to indicate that hydrogen would
effect the surface resistivity. However, a few scoping tests were-
conducted with contaminated teminal blocks exposed to one half (volume)'
percent hydrogen. During these _ tests some failures were detected,
following the application'of the hydrogen, that were not statistically

;'

-anticipated.

A statistical failure model- was developed that assumes that the failure
rate, as evidenced by a significant excess in~ teminal-to-ground leakage4

current, is proportional to' the measured average leakage current divided'

.by the value of leakage current above which the degradation process is'

irreversibl~e.- The average leakage current was based on measurements .

-

from about 10 terminals per teminal block and for a number of terminal
,

blocks _ exposed to nearly identical: conditions. This average was then
empirically matched to the ceasured failure rate and the proportionality
constant adjusted to provide optimum match to the measured failure rate
data.

*Even if the LOCA is' teminated, successfully, below the Ir-H20 reaction*

-threshold, PWRs operate with a small ' amount of dissolved H2 in ~the coolant. 1

-

,. . _
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Using this a;; roach, "aflure pr:bebil: ties were calculated as a function of
tem,perature for vario0s level: ;d (;;; of contamination and for enclosed
and open terminal block:,a The protec30 tarminal blocks were in a non-
hermetically sealed enclosun with a fm drainage hold. The open terminal
blocks were exposed to- the' stead environment without permitting direct im-
pingement. The 7stimated error hssotbted witn the probabilities obtained
with this model ranges from about +50S at full LOCA conditions to about +100"

-

at conditions typical of the TH-2 accident. The f >llowing specific results were
obtained from the model relathg breakdown probability to the measured block
leakage current: ,

1.3 Figure 1 and Table I show, in summary fo , :be retults of the experiments'

and the conclusions drawn by use of the prohbility model.

The data relate the probbility of terrinal-to-ground low-voltage breakdown
! as a functicn of the inverse temperature. Curves are drawn thrcugh experi-

mental data ;oints for both the open and enclosed terninal blocks. Al so ,
data are shown for variou.t condit, ions of relative contamination at 186*F.
(TMI-2 peak containment esperature),and at 100*F. for both the open and en-
closed terminal blocks.> All experfeental data and model predictions are
for an approxinate 100t relative humidity condition in the test chamber and
for 480 volts applied between the terminals and ground.

The curves drawn through the enerimental data Eepresent' an average con -
tamination in that they are a composite of both clean and contaminated
ter~minal , blocks.,

-
.

* These data show that, under a full LOCA condition, the probability of
. failure is 14". for a non-herreticaib sealed termir.al block with a 6mm
drainage hold. As can be seen (from Fig.1), this~ failure probability is -

higher if the teminal block 3 are unusually dirty or.left uncovered. Ta ble I
shows a summary of the data etained in-luding the terninal failures
detected. f,

-,

2. Based an the research conducted and a review of the literature, the pro-
bibility of terminal breakdown for terminal blocks with a moderatr arount
of contamination ,ls approximately proportional to the acplied terminal

- voltage. This co'nclusion is valid at least to 480 volts where the prime
failure mode is still the low-voltage breakJcwn phenomenon. Data were
obtained from 120 to 430 volts. At least to a first approximation, this
conclusion should also be valid belcw T20 volts.

(a) Increasing levels of contamination result,in a greater probability
of low-volta'ge breakdo'm failure. The failure probability of a
contaminated terminal block can be at least a factor of three
times as high as that for a clean block.

n,

a '

.

,
,

e
'
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(b) The incrcace in failure rate as a function of tsrr.:rsture is
: quite high. For example, the difference in frilure rate

between a TMI-2 type accident and a full LOCA could be as much
as a factor of 10.

3. An important conclusion to be-derived from this research is that
,

! terminal blocks have the potential of being a significant problem
during a LOCA that might not be found by a qualification test as;

required in Regulatory Guide 1.89. For example, a qualification
test would be conducted on one or, at nast, a few teminal blocks.
At-full LOCA temperature of 326' F. there is a 14% probability of:

failure with a protected terminal block in a non-hermetically
sealed enclosure with a 6mm weephole. It is, therefore, quite

probable that a breakdown failure t:ald r.:. occur during the
t qualification test. Furthemore, the terminal block is much more

likely to be clean during the LOCA test than during an accident in'

a plant.
,

.

Also, because of the tendency for terminal block degradation t' ee
reduced or eliminated after the surf ace has dried, it is essent1al
to have the qualification measurements made when the teminals are .
exposed to the accident environment.-

< ..

The following are the specific areas not covered in.this research:.

(a) As previously stated, radiation effects were not examined.
The available data show that there is no gross damage to the
phenolic material utilized in the terminal blocks studies

7below 10 R. Since the study was directed primarily at the
TMI-2 accident, radiation was not included as a test parameter. ,

i (b) Only a limited number of tests with hydrogen as a contaminant ,

were conducted. . Unfortunately, these limited data do not
,

! correlate with the expected hydrogen results, and no firm ,
conclusions can be' drawn from this part of the investigation.! ' -

;

4. No attempt was made to test all generic teminal blocks,.and the -
; failure rate may vary significantly for different designs. This is

particularly true for terminal blocks where the mechanical ~ design
_of the terminal block and mounting is different from the designs.

that were tested. For example, holes and cracks where liquid can
.

i-

accumulate could significantly change the conclusions drawn. The
difference between horizontal and vertical mounting could also

;

affect the results. Also, the teminal blocks tested utilized a
simi7ar phenolic base insulating material. There is some evidence .

that different insulating materials are less susceptible to a low-
voltage breakdown under the conditions considered in this research.

:

*
.

- ,
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S '. No attems: .'e o corre'.atse - -.?a ter-i.u! block. lca-voltage-

breakdown fnilurt wi t h mevr.an icc '. :c ig e , r.c4ever, IE bas noted
some damagt sf te-irial' blocks dues to imprc,,er insthilation.

,

EVALUATIO*: At:0 ;lr W.:.TIO::S

Terminal'hiccts tre used extensively in' systems important to safety. Based
on our limit'ed eview in this area, it appears that the environmental factors
influencing the Tcu-voltage breakdown failure mode are nat controlled by

s

current practice and probably:are not even monitored in nuclear power plants.
It aiso, appears that certain installation and maintenance procedures thats

t.av~e a s: ang influence on failure rate are not covered by normal quality
ds5drince practices. This is probably due to the general lack of cpereciation
of the vulnerability of terminal blocks to a low-voltage tr,eakdoen curing a
LOCA. Ti.c following recommendations may be drawn from this research:

,

1. Alt nuclear power plants using terminal blocks in circ,uits important
to safety"within the reactor containment should be inspected to
verify that all terminal blocks are enclosed in a protective enclosure.
If: the enclosure is not hennetically sesled, it , shou?d be checked to
verify that the cover is securely fastened andithat the drainage holeJ is located on the bottom,

2[' All' terminal blocks utilized in systems important to safety' should bes

cleanedgt_least once after construction and possibly periodically
thereafter. Tnis cleaning could be accomplished during scheduled plant

*

shu tdowns. One method of cleanino that has:been effective in the
, la boratory is to use a steam jet followed by an application of alcohol.
' HoWever, the-applicability of using this method in an operating plant

has not been examined and there may be a better way to clean the terminal
- blocks instalie'd in a plant.

t -

'

3. Procedures should be established to _ keep the terninal blocks clean, and
appropriate,gaidelines should be issued to maintenance personnel regard-
ing the removal of enclosure ' covers and the cleanliness of terminal>

!.. 31ccks. For ~ example, fingerprints on terminal blocks significantly in-'

crease the probabili,ty of a, low * voltage braakdown failure. Enc 1ntura
i covers shpuld ha in niaca at all times when actual work is not being

perfen.1ed, since the'tertinais are more likely to fail during a LOCA in
the; uncovered condition. Also, the terminal blocks are more likely to

'

* becon|e contaminated with the enclosure removed making the more vulnerable
to failure even af ter th' enclosure is replaced.+
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4 For new plant:, it is rc:c=arded that ist.--ir.-l blocks be elimir.ated,
placed in a hematically sealed enclostre v.Mn used in electric equip-
ment important to safety, or h:v'ed outsidc of centairr.,ent. This re-
cc:.mendation is based on a generic evalu-t:c.. of a particular type of
terminal block. It r.sy be possible that a different type of teminal
block, uttitzing different ge:imetry and/or insulating material, can be
shown to have a low cnough f6flure probability that a non-hemetically
st: led enclo:ure can be ust.d.. . . . . ' . . .

t*e rc:omend that th:se resc:rch rcsults, be pronptly factored into the ongoing
qt i . .ent qualifict tien progre. T!.: timing on application to operating resc-
00rs should be a fen: tion of the rest:rch typicality; we b211 eve that this
shrcid be explored pre .ptly (v i:?.R.

~ ~

'

Origfr.al Signed by

*

Denwccd F. Ross, Jr.

~

Robert B. Minogue, Dire: tor
Office of Nuclear Regulatory Research

Enclosures: Figure 1 -

Table I ~

.
.

.

Reference: ,U.S. Nuclear Roguhtory Cc : mission. * Electrical Insulators .
in a Reactor Accident Environment," SAND 30-1957 (NUREG/CR-1682), January
1 931. Available for purchase ~from National Technical Inforr.ation Service,
Springfield, Virginia ,22161.!*

'

,

bcc: Lloyd Bonzon, SANDIA RECORD NOTE- This RIL was reviewed b
Z. Rosztoczy (NRR) QTE review group and Tosztoczy (NRR) y the-

W. Rutherford (I&E) Rutherford (I&E). Thomas (I&E)2 Sullivan
V. Thomas (I&E) (RES), and Bonzon, SANDIA Laboratories.
D. Sullivan (RES) All com lents have been incorporated.
R. Minogue. . .
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- Breakdown Statistics for Terminal Blocks

(430 Volts, 1003 rel. Humidity, 5 hours exposure)

.

Tempera ture - f* umber cf Experirents Breakdowns Probability

1630 C = 3250F Protected * 28 4 14

(Commercial' 0 sn 20 6 .30

Tests) Overall 48 10 .21

E5 C = 1860 F Fre:e::ed* 112 1 .0090

(Th ee Mile 0:er. 315 22 .07

Island 2) Overall 427 23 .054

JC10-30 0 F Protected * 42 043 C = 110
'(Laboratory) Open 170 2(+4 multiples) .012

Overall 212 2 .009
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