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t _ ~~~~ : - ~ABNSTRACT->,i -;,f-

A series of full-scale cabinet fire. tests was conducted by I.; .
'.SandiacNational Laboratories for the U.S. Nuclear Regulatory
;Commission. The cabinet fire tests were prompted by .the:
potential threat tu;the safety of a nuclear power plant'by a..
cabinet fire i;. eifther the control room or in a 'switchgeaz'..- '

*type room.. Tne pu'pose of these cabinet fire. tests was tc' O
* characterize the development and effects ' of internally '

.:-ignited cabinet fires ias a function . of 'several parameters.
:.believed to most influence the burning process. A primary
.:.goal of this test program was to test representative andi
credible configurations .and materials. This series of' .

22 cabinet' fire tests, demonstrated that fires in either
betichboard or vertical: cabinets with either IEEE-383 quali-.
fied cable or unqualified cable can be ignited and propa-. :

w<,' gate. However, fires with IEEE-383 qualified cable do not. '-.
propagate as. rapidly nor to the extent'that--unqualified cable ;
does. Furthermore, the results showed that the thermal en-
vironment in the test enclosure and adjacent cabinets is not.
:evere. enough to result .in autoignition of other combusti.- :
.bles; although in some ofithe larger fires melting of plastic . t.

materials may occur. Smoke accumulation in the room appeared ;.
_ to be the most significant problem, as smoke obscured' the
view in the enclosure within minutes after ignition. .- Essen-

- tially, a cabinet fire can propagate within a single cabinet;
however, for the conditions tested it does not appear that
-the fire poses a threat outside the burning cabinet except
the resulting smoke. !
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EXECUTIVE SUMMARY

A series of full--scale fiLe tests'has been.conducted as part
of the Fire 'Protection Research Program being performed for
the U.S. Nuclear Regulatory Commission& (NRC) by Sandia
National Laboratories. (SNL). This series of fire tests has
been conducted to investigate the, effects of internally *
ignited cabinet fires:on cabinets and rooms.

The cabinet fire investigation was prompted by the potential
threat to 'the safety of a nuclear power plant by a cabinet-- .
fire in either the control room or in a switchgear-type room. .
The items of concern centered around: (1) the potential for
*a cabinet fire to ignite. (2) the rate of development of a A'
fire in a cabinet, (3) the resulting. room environment pro-
duced by the fire, and (4) the potential for the fire to .

spread to other cabinets and damage equipraent and components
throughout the room. go

The cabinet fire tests were performed in two phases. The
tests reported here, from the first phase of testing, focus

.on the development of the fire in the cabinet a'nd-'the-result-s^
ing environment in adjacent cabinets and the test enclosure.' .
In essence they are "Cdbinet Effect Tests." Subsequent test-
ing. the second phas.e. was' intended to provide confirmation . .

of-the first phase tests and investigate the effects of cabi-
net. fires on a large, control room size enclosure and arrange;-
ment. These second phase tests (Room Effects Tests) have
been completed and will be reported on at a later date. ht *

.The purpose of the cabinet fire test program was to charac-
terize the development: and effects of an internally ignited -N_
fire in a cabinet as :a function of several parameters be-
lieved to most influence. the burning process. This was done
hbr aetin i ranrac antat ive abinet.f-c nnf i rmt r na innitin 4s

It.. �*- -

I.

..-- -.--.
4*.

..

sources.' and in situ fuel configur-ations. The environments
inside and in the vicinity of 'the cabinets directly involved'
in the fire, and of the other cabinets, components, and com-
bustibles located in the test enclosure were measured. 'A
primary goal of this test 'program was to test representative
and credible 'configurations and' materials. The specific
objectives.of the Cabinet.Effects Tests were to:

Ii

- a. Identify credible. ignition
i rn; i no A f tk; not ' ; -P *

sources capabl.e ' of

. -.. be Determine what credible in situ fuel types, amounts,
A,,:...'.:and configurations "~can result in ignition aind propa.:
8'wj~''' .'gation of a cabinet f ire;..

41$
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EXECUTIVE SUMMARY

' c. Assess the. effects' of different ignition source
fuels and in situ fuels on fire development rate and
equipment damagd ..

d. Ekstablish the effects of different cabinet styles'
-- and. ventilation methods on fire development:

e. Determine the' development rate of the fire (heat . hI
release rate); . .

f. Investigate the environments developing within. and--"" jr
around the cabinets: and

-g Monitor the. development of the enclosure environ-
i-'.: .' ment. . . :. ;

Initially, a series of five Screeninig Tests and' eleven
Scoping Tests was conducted to evaluate specific concerns

: . about. the ignition sources and in -situ fuel configurations. <>a i
j Those tests were conducted on a smaller scale (e.g.' minima]

materials and instrumentation) for a quick test turnaround.
These .t'ets provided valuable results and input for u.se inr
the subsequent full-scale tests. - .'*

>-.. The six -full-scale tests. called the Preliminary Cabinet.
Fire Tests, were conducted to investigate how an internally :

9'. . ignited cabinet fire' will develop and its effect on adjacent.
.'' 'cabinets and Lhe enclosure. Flour of these six tests were
.4_ ' coniducted in vertical nuclear power plant cabinets, two: with '

- unqualified cable, one .with IEEE-383 qualified cable. -and;0 tane- pool
ne with a heprtica will Te remaining twso tests were cad n- '..

: ducted in benchboard: style cabinets, one each with unquali-.'
.iod .and IEEE-383' qualified -,cable. . The effects of the!
fo:Llowing variables -on fire development were investigated
() adifferent ignition'sources, one each transient and elec-

,4t', -1tr-idal. (b) cabinet styles, (c) cabinet ventilation. and'.
X (d: in situ fuel types. amounts, and configurations.

The results of the 22;Cebinet Effects Tests are not gener-
ally applicable because the results are so configuration .and .
test specific 'However', Vthe following -onclusions can. be...'
made:

. ...Cabinet.fires can, be ignited and propagate -in either
unqualified or. qualified cable with either of the-
two ignition sources tested (transient 'and elec-

-. . . trical). Ho&wever, the-qualified cable is much more
:, : difficult to ignite ard'propagate.

.... . ..--

.:. . ; j -2- -.

-- :.1'.1
I'.1 .� II

." 1,q -.:.. 1
4,,.1, It

,. I4
I 1:

.I ,
.i

.. .:. ; .J

-j:. -".
I & -42i '.1

.. I- -.1iII: . .



EXECUTIVE SUtMMARY J.

2..2 It is possible. to hare a _Rapidly developing cabinet
fire with either: type of cabile as 'the in situ fuel
and in either style, vertical or'benchboard, 'of'cabi-
net. Although, fires with qualified'dable tended to
be less' intense. than those involving' unqualified
c..able.

3. Ignition, development rate, and spread of a cabinet -

fire are dependent on !"critical"". (i.e.. just the
* right combination of variables) ignition sources,.
in situ fuel type, geometries.' and amounts, and on
cabinet style and ventilation. These critical"

. ' values are interdependent on' many variables and
.- ' therefore no !'critical"l values can be identified

based on these tests. However, it was found that
with unqualified cable, the range of Values causing
ignition and' fire spread was much wider than with
qualified 'cable.

4. For the enclosure conditions tested (i.e.. enclosuLe
.size and ventilation, rates),, the thermal environment'
'in the enclosure produced'by the fires was not severe
enough to ciuse autoignition of Materials, but the
thermal environment. may be severe 'enough to cause.
equipment damage. Furthermore.,it appears from these

.- tests that a fire will ..not spread from the burning
cabinet to adjacent cabinets. However, under differ-

* ent conditions (e.g.,. single wall, larger fires) a
cabinet fire could cause autoignition in an adjacent
cabinet and continue to propagate. . A' double wa'll
barrier between cabinets" appears to play a crucial
role in preventing cabinet-to-cabinet fire spread :
during.the larger cabinet fires.

5. For- the enclosure conditions tested, dense smoke
accumulation in the room became a' problem 'within
:minutes after ignition, for all fuel types and
cabinet configurations.

- n.-. Essentially, the conclusion of the cabinet, fire' tests is
. - that .. cabinet fire can propagate within a -single cabinet;
. howe'ver, 'for the conditions tested, it does not appear that;

the fire poses a threat outside the burning -cabinet,. except
-for the resulting smoke. Althcugh this test effort involved
realistic ranges of parameters. it must be recognized that
other cabinet and fuel .configurations may result in somewhat
d: i~f ferent findings. :In addition... because of the influence
of operation response and! overall safety sy~stem" performance,

1I.: -*. 'conclusions regarding cabinet fires causing difficulty in"
the'ability of the plant Ito shut down cannot.be made solely
from the fire test data presented in this.report..

.~~ . '...-

. . -3A-.

- -4
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*EXECUTIVE SUMMARY

., Bas'ei on the findings of the Cabinet Fire Test Program it is

recommended that the effectivpness of the following should

be investigated:

1. Detection systems *in cabinets;:

2. Automatic gaseous suppression systems both inside

-. . and outside cabinets;.:

.3. Manual suppression.of cabinet fires;

4. Smoke control and purge systems: 
.

5. Potential for fire'spread in nornivided cabinets; and

.. Independence of remote shutdown capability.
.,..I..
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-.1 I INTRODUCTION i

1.1 Background . . . -

.Aseries. offull-scale cabinet fire tests was performed mm

part of the. Fire Protection Research Program. This program.
is being conducted 'for the U.S. Nuclear Regulatory Commis-
-sion (NRC) by SandiaNational Laboratories *(SNL)-. The Cabi-
net: Fire Test Program was prompted by' the potential threat
*to the safety of a nuclear power plant by a cabinet fire in
either a control room or a switchgear-type room. Although-\. 'iI
there have been.no fires in control room cabinets of operat- 'GIV
ing nuclear power plants, there have been fires in cabinets.
-in othefr parts of plants that have resulted in significant.

.-damage'-due to heat, smoke, and -corrosion, l] Furthermore, . - -'

based on' probabilistic risk analysis-.. a fire in a nuclear..'
* power plant represents I one of the greatest threats to the.: .

safety of a plant. Based on plant operating-experience.. a
* . typical nuclear power plant can expect to have three to four'

s ymajor fires during its lifetime. (1] In addition,. a recent
-study (2] has shown that not all remote shutdown areas are..

truly independent of the control room and that short circuits ,;- 'dti
;and other electrical. prbblems could potentially propagate ' '

..-from the control room to the remote shutdown area..

Due to the potential level of risk, the NRC staff had a num-'$ "i'- ber of concerns about' cabinet fires. These .concerns cen.-
...-!tered around (a) the ability of a cabinet fire to ignite and ' ;

spread. (b)'the rate of development of the fire in a cabinet,.
(c) the resulting room' environments produced by the fire, and
(d) the potential.for' the fire to spread to other cabinets
and damage equipment and components throughout the room... In'
the tests described in' this report, concerns (a). (b). and'
(d) Mare' investigated.j Additionally, concern (c) was koni- A
tored. but due to the'' relatively small enclosure size used
in-these tests, the results were validated by control room..-
testing performed as 'the' second phase of this test seriesvi

art 2of'this' report). :

1,I. 2' Program Objectives ' '
To address the' be;, 'bit'., i: :t* t1
To address the concerns described above the cabinet fire test
program was initiated. The overall program objective was to - I
characterize. the fire 1room development in electrical cabi-
nets a'nd investigate 'the resulting room 'environment as a J-

function of several parameters that most' influence the :v§
burning process.(3] The, cabinet. fire. tests were performed
in, two parts: Part 1,: the tests discussed in this report, --

-'s- '_. -~..*..are called the Cabinet Effects Tests. These 'are all the
cabinet: fire tests that: were conducted at SNL and .-are

't-}7 '.?reported 'here. The second part of the testing was called
'r'.Kthe Room Effects Testsland will be described in a subsequent

-~t epprt. -"l..
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The purpose of t'he Cabinet Effects Tests (Part 1 tests) was
to evaluate the potential for an internally ignited cabinet

a~-~ 4* fire to.occur and to investigate the development of the fire
in the cabinet and **the resulting environment- in adjacent.

4>' - cabinets. This was done "...by measuring,' for representa- -
tive cabinets, configurations. ignition sources and in situ
fuel. configurations, the environments inside and in -the
vicinity'of the-cabinet directly involved--in the fire and of
other cabinets, components, and combustibles located in the .
test enclosure."[33 ;The Room Effects -Tests (Part 2) were...

..performed to provide confirmation of the Part 1 tests and.to-'
investigate the effects: of cabinet fires on a control room
size room and arrangement'

' Specifically,' the objectives of the Cabinet Effects Tests
(the tests described in this report) were to:

)' .'L'.

_ a. Identify credibleiignition sources capable of ignit-.
.. ing a cabinet fire: .

b. Determine what. credible in sitl fuel types, amounts.
and configurations can result in ignition and- ..
propagation of a cabinet fire:;

c. Assess the effects of different ignition source fuels
and in situ fuels on fire development rate and equip-
ment damage;

d. Establish the effects of different: cabinet styles''
and ventilation methods on fire development;

e. Determine the development rate of the fire (heat re-
t'- .lease rate);,

t
S

. i.

f. Investigate the environments developing within and .
around the cabinets;.and . .

g. Monitor the de'elapment of the enclosure environment-..
(secondary purpose).

* , *, Jo,,

. I
A major goal of these tests was to make them'.as representa-
ti.ve and credible as possible, yet not plant specific. so
that the results of the. tests would be as' realistic as pos-
sible.

1.3 Previ6us-Studies

Previous studies,: both system:studies and\testing. have shown
that cabinet fires in nu6lear power plants can be 'a poten-
tial threat to the safety and shutdown capabilities of a
'piant4.4-7] .' ' t a

2J'
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The first cabinet testing was performed as a result of NRC
concern about the proximity of redundant safety systems in

~ 'adjacent control cabinets at Enrico Fermi Nuclear .Power''" ! r J.

plant, Unit 2. As a result. two tests and some supporting.
analysis were performed in an attempt to resolve those con- --

cerns. The first test;[4] was a pool fire test with a.simu-
lated cabinet panel with which the utility hoped to determine
the conditions of safe shutdown components, which were inter-
nal. to the control paneli following a flammable liquid expo-
sure fire. The components survived the test: yet the use of I,
a simulated panel was: questioned because the utility could
not evaluate the effects that' the cabinet ventilation might

", -have on enhancing damage or cooling the components. In an
---attempt to resolve concerns raised 'in the first test about
-the cabinet internal' temperature being high and the plume '
'directly impinging on :the cabinet. Fermi conducted ..an oven .
-test and a plume analysis (5] was performed. Detroit Edison .. ;l
Co. concluded that the,.tests were bounding and that compo- ii
nents in *a cabinet could survive an external pool fire.
However, these fires did not address the possibility of
ignition of the in sitlu cabinet fuels or the effects of a

.'"',fire on adjacent cabin'ets or the room. Haddam Neck nuclear $';
power plant performed an analysis similar to Ferris as. part
of their evaluation of cabinet fires.[6] . .-i

Two cabinet fire tests [7] were performed for SNL by Lawrence _ -:~
Berkeley Laboratory to assess the susceptibility of electri- 11
Cal cabinets to fire damage. The'test.cabinet used was not

,-typical of -nuclear power plant control cabinet's (too small .............
-and too light); however, it had two doors, one with ventila- .i
tion grills at the top and bottom. ithitcsts were performed ...

with an external solid fuel'as the ignition source which-con-
sisted of trash-type materials. The first test was intended
to characterize the ignition source and its effects on. the
test enclosure. In the second test, the cabinet contained an .

in situ fuel load (cables) in addition to the external igni-.
-tion source. The intent !of this test was to evaluate the
effects of the burning ignition-source on the' in situ fuel.

These tests demonstrated that a: large, 14.13 kg' (31.1 lb)...
external (to the cabinet) transient fire source could result
in high 'temperatures and possible ignition in both the cabi-;

- ''- net and the room. Howevei, it must be emphasized that the,
conditions: (i.e., cabinets, fuel loading, and test enclosure)
were not typical of those found in a nuclear power plant.

. As part. of the background investigation into the cabinet fire
testing program. SNL initiated a study pdrformed by Ebasco @

'Services, Inc. to evaluate the current industry standards
and 6esign practices related to cabinet and component setup ''l
and to conduct a detailed analysis on the potential-effects. ;pI
of a' cabinet fire on plant safety. Part of this . .*l

'-7-,-t.-' '' ~ .. '' ' . ', Ii~ljl~



study was to analyze four plants to' determine the present
practices, with a very detailed analysis being conducted on
two of *the plants. Some results of this study, based on the
two plants analyzed in detail., were:

1. "The probability :of occurrence of a fire that does
extensive damage to a contnyRelpanel is exceedingly
low due to the. absence of ignition sources and the'
-ease of detecting and suppressing fires--but afire

' . . cannot be ruled out.

2. A failure mode analysis of critical. components when'
, subjected 'to fire environments showed that faults . . A
I can propagate, which -means the remote shutdown area-

must be isolated.i . ....
,- of a .a*i. . t .ir

In order to evaluate the effects of a cabinet fire on the
..components and their ab~ility- to function, Ebasco recommended
,tests that investigate the following: (a) how long must the
control panel fire progress until panel component damage
occurs, (b) how long must a control panel fire progress until
-the control room must be evacuated, and (c) what is the rela-
tive likelihood and extent of the specific modes, of panel
compoient -damage?, . .

* The tests and system studies to date have only shown that
;i cabinet fires can be a significant'threat and that the fires.
'can . result in component damage that could propagate shorts
and faults. . However, no full-scale, realistic cabinet -fire
testing had been conducted to investigate fire development
rates or room effects ofl cabinet fires.

-. 1.4 Program Approach

In order t'o make the tests as realistic and credible as
possib'le ...a large amount: of background .research was con-
ducted.[2.8] Figure 1, the flow diagram, shows how and what.

. backgiound information was used in selectirin the ignition . -

sources, cabinets, and in:situ fuels A detailed descrip
* tion of hnw these materials were selected is described -in

-the test plan .3J

*"' There are a large number of variables that could be investi-
* - ,'.-gated which could affect the cabinet burning characteristics.

,: These. variables fall' into the following broad categories:
(4.)%ctibinet- deta.ils, ' b); fuel materials, and (c) external

2;'variables... The cabine.-details are anything specific to the
cabinet (-e.g.. size, style. etc.). Fuel material variables

F }.include both the *ignition' source and in situ fuel materialsi.
while external variables encompass all other variables' af-

','fectinlg .the cabinet f ire :(p.g., enclosure size and ventila:. '
tion. other cabinets, etc.). Due to. the large number of

P. . . t . .
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t r varia bles.onlya'a few selected variables that were felt would
. have the most pronouniced effect on the burning process were.

investigated. The flow diagram, Figure 1. shows the three
categories of variables that were investigated 'and *the tests
that were performed to determine the effects of changing the' j-i
test variables. The flow diagram shows how the selected te'st -: ' ,

materials were. investigated in the Screening-and Scopihg '

I..Tets to enable us to reduce the number...of realistic and.
credible full-scale. Preliminary Cabinet Tests. The results . .

* of. the Screening and Scoping Tests will be discussed.. in
Sections 2.3 and 2.4. while the Preliminary Cabinet Tests; '
wi:Ll be discussed in Section 3.0.

2. METHODS AND MATERIALS , .

2.:1 Test Facility and Instrumentation

- - The Sandia Fire Test Facility -i,&located. at Sandia National'
Laboratories in Albuquerque. NM. '~-The . facility, is housed
within - a 15.2 x 7.32 x 5.49 m (50 'x 24 x 18 ft) quonset
building. In one end of the building is the- test enclosure,.
while the other end comprises the instrumentation and storage
'room as shown in Figure 2. The test enclosure (also' called

: the burn room) has. a floor area of 55.7.m2 (600 ft2) with a
maximum Ceiling 'height of 5.48 m (18 ft).. The testenclo - :1
sure, constructed of concrete and plastered metal lathe.'.has .

* .* a volume of 272'm3 (9624 ft3 ). Ventilation to the enclosui:e. ,
is provided by a variable- ventilation system capable of : .;.
;stippying 113 m3imin.(4.000 cfm). Typically, during a cabinet -

;'' J fire test, the ventilation systen was run at 70.8 m3fmin :ifi
,(500 cfm). As shown idn Figure 2. the ventilation.system has *.I

aix exit ports along :each wall with the enclosure exhaust . .

vent located in the top center of.the room where the air and"
combustion products are exhausted out a 0.46 m (1.5 ft) cir.-
cular exhaust duct. Six observation Eprts were located-in,''

r,: the test enclosure to provide lighting to the room and allow -

video recording of the tests. Access to the room is..pro-.
vided by a 1.83 x,2.44 m (6 x 8 ft) door that is sealed prior'
t.Dt.esting. The test tacility is described in more detail in
Appendix A. . . . ..

Instrumentation fot' the tests varied for. .the Screening. .and
;w- ._5 -Sco'ping Tests; however'. .approximately 100 channels of data
were recorded in all,'the Preliminary Cabinet Tests. A w!iden
variety of instrumentation was required for measuring temper-
atures, heat fluxes, pressure, mass losses, smoke densities,1 :

'i: ,.-gas. concentrations.. And heat release. rates. .The instrumen- '
tation was monitored by an HP3497A data 'acquisition uluit .

capable of logging up to 100 channels of data and controlled--, ].
by an HP216 computer system. Data was typically recorded at ',
20-second intervals. . ;"

. ' ; . . - -10-' .: ' .. -
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One of the most:iimportant measurements required was the heat
.release rate (RR) measurement. This was measured using

oxygen consumption calotimet.ry.(9] in which the oxygen. con-.:__
centration, temperature, and velocity -of the effluents were
recorded in the exhaust duct. A more detailed, description
of -theinstrumentation is provided in Appendix A.

2.2 Selection of Test Materials and Equipment

In this section the materials and equipment that were used in
the Cabinet Effects"Tests will be described. '

~Ii~jj :i . .... 1{-i
The ignition source fuels used in the tests.were one tran-
siernt 'and one electrical ignition source. The transient .'- .

* ignition source was made up of a. 9 ..463 1 (2.5 gal) polyethyl-
ene bucket, with an opened 0.455 kg (.16 oz):box.of..kimwipes.
:.nd 0.946 t (1 quart) of- acetone placed in the bucket. One r
half of the acetone was poured into the bottom of the.bucket,. .

. the bottle and remainder of the acetone were placed in the -
bucket, and the cap was left off the plastic bottle to simu- -

late- the bottle spilling. Also, 15 kimwipes were balled up j,4'
and put in the bottom of the:bucket. This igni.tion source,.

* shown in Figure 3. was- ignited by an electrically ignited-gas`t\'-. gil
pilot lighting one of the kimwipes hanging out of the bucket. 14
The electrical initiation arrangement, -used only in the un-. .
qualified..cable fires, consisted of a terminal strip and 25 .

-' pieces of stripped. (unjacketed) cables shown in Figure 4.
This arrangement was.ignited by providing -165 watts -of.power , .
-to the terminal. strip resulting in an overheating at the con- . ' '

. ..nec':ion and culminating in a fire.. These ignition sources .
will be described in more detail in Section 2.3. '

-One of the ..key objectives of this test program was- to test
repcesentative--type'electrical cabinets. In:order to achieve ..

,:...~this objective, manysucswredanuo, as -discussed in'' :-

:Ji- tioies 1.(i.e... GE, CE. Westinghouse, Eb1 sco, NRC input. ..' .
,tilities and SNE,,survey). to obtain the most comprehensive

.,'':and accurate information.. -possible. In general, there are
three styles of electrical cabinets found in nuclear power
plants: benchboards. verticals, and consoles. Benchboard- t.V
style cabinets are found primarily in the control, room. '4'
These cabinets contain systems. important to the control of
the plant, and systems critical to safe shutdown; hence, the.- '4,
safety of these cabinets is paramount. _Vertical cabinets
are found throughout the plant as terminationcabinets, relay
or- logic circuit cabinets, switchgear. cabinets, etc.. The
vertical cabinets also contain:.systems important. to plant.'.-
control -and safety;.thus.,!their safety is also critical. The
console cabinets, found mostly in the control-room, generally ,
contain computer -giocessing and operating equipment, which.
is- not. as vital to 'plant safety.. Consequently, because of
their importance, only. tie benrc'hboard and vertical cabinets -

- - -.- i- -
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; were used- in the Cabinet Effects Tests. A list of the
* cabinets that were used' in these testts is given in Table 1

along with the cabinet' paralteters. All the vertical cabinets
.were surplus' cabinets :obtained from a nuclear power plant'
vendor, while the benchboard cabinets were constructed spe-
cifically for this test program to specifications typically
used for nuclear power plant cabinets. Figures 5a, b. and c
are . schematics of- some of the vertical and benchboard. -
cabinets tested.'

The in situ, fuels are the primary- source of fuel in- the
cabinets. The amounts, types, and configurations of the. -:
I in situ fuels are primarily- dependent on the control system

-.-in the cabinet and style of cabinets involved. Therefore, . . *.
specifying.a single inisitu fuel type, arrangement, or amount
-was not possible. Based on the background studies and sur *
'.Veys, it became obvious that most -of.the cabinet fuels were
made up of plastics.(e.g.. cable insulation, components, wile ^

i ways. wire ties etc.)... Therefore. it-was-c.onsidered reason-
able to represent all the fuels in the cabinets with cables.
awich are the largest source of in situ fuels in cabinets. - - -

Furthermore, cables simplified, the test setup and cables are
* -' better characterized as, to their burning characteristics.than

most other materials. 'Most plants (approximately 80-percent -a.
based on an infor-mal survey) use IEEE-383 qualified cable;
*-however. some of the plants (approximately 20 percent) still.
use unqualified cable in their control cabinets. Because

k es both types of cable are still found in plants, both types of - -

- -. -cable were used in the testing.
I, I- ,_ . i X .h

- Tfre IEEE.-383 qualified cable, to .b.e called qualified cable in . f,
the text and designated-as 'IQ" cable in the plots and tables,, I'

was a three-conductor,: No. 12 AWG, with 0.76-mm (30-mil) -- ';^.
cross-linked polyethylene; (XPE) insulation, silicon glass

I:. ... ta pe, and a'1.65-mm (6.5-mil) cross-linked polyethylene (XPE) - 9
jacket, rated at 600 V. This qualified cable was used in all -

the -Scopiig Tests and one of the Preliminary Cabinet Tests. . .
A different qualified cable was used in one of the Prelimi- .

tary Cabinet Tests because the supply of the XPE/XPE -quali-. .

fied:.cable was exhausted. The "new " qualified cable was a
t@s-< -> hree-conductor.. No. 12 AWG, with a 1.65 mm (65 mil) Hypalon

.acket- (Hyp) 'and. a 0.8.9 mm (35 mil) cross-linked polyethyl-
iene (XPE) insulation,. rated at 600 V. This "new" qualified .
cable was only used in Preliminary Cabinet Test #6.- -.' '

The unqualified cable' designated as "IUQ" cable in the plots
and tables, was a three-conductor, No. 12 AWG. with-'20/l10

. polyrethylene/poiyvinylchlobide (PE/PVC) insulation, and a
45-mil (1.14-mm) polyvinylthloride (PVC) jacket. i1;l

I The cable 'amounts and configurations will be discussed in -

more detail in Section 3 because they varied: from test to' I
test. in the Cabinet' Effects Tests. However, it should be ii

-14- . . : -- I- j
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.1 . Table 1.

!

II List of Cabinet 'Parameters

/ . .

f .

I ;
I

Type of '
Cabinet

Size (m)
:(ftj :

L w H

,- Vertical .914 x .762 x 2.29
. :-- [t3-x-2.5-x-7.53. :-:

1 -:Vertical ...... 1.22 x. .914. x 2.29
* .(4 x 3 x 7.51

Doors (m)

Ift)
# Size _

.61 x 2.1

.1 ''. [2 x 7? ;
.61 x 2.1

2 [2 x 7.:

.61 x 2.1

2 (2 x 71

Ventilation .
Grills (m)

*(ftl
t Size

0 Open'

.369 x .344
4..411.21 x 1.13.1

Comments .

No Door l

Ventilation Grills on
-Doors - 2' ea. -Top and
Bottom

1-
I

1 - Vertical 1.52 x .914 x 2.29
.J5 x 3 x 7.51

.369 x .344
4 [1.21 x 1.131

2 - Vertical 1.52 x .914 x 2.29
15 x 3 x.7.5J /

4 - Benchboard 1.22 x 1.8 X-2.44

1 . [4 x 6 x 8]
[1.0 x 1.831 . tlocked

2 - Mitered

.61 x 2.1
(2 x 71.. 2

.369 x .344
4 1l.2 1 x 1.13]

.305 x 5.58

(3 x 6)

Partial Partition'
betweenlL.H. and R.H.
Sides of Cabinet

Back Vent Typically
.2

914 x 1.83
1

I

Benchboard See Drawing in Figure Sc

. . I

. ~. I

... ,

I ... . I

. 1

A'
I

_______ . . -I.',-. * ' '..

I' . * -�

I'
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_I I 0.89~

2.44m

0.9 m

;1.9m Mil1m

-1J~. 80aM -1.9D M

t'9ug ; - .TOP VIEW
,..- -. :-=:SIDE VIEW . .

MITERED CORNER CABINET DIMENSIONS.
CABINET WEIGHT APPROXIMATELY 1600 Ibs.

Figure 5c. 'Schematic of a Mitered Benchboard Cabinet

-noted that based on the background survey, a. maximum fuel
loading for. control. cabinets, based on the cabinet f oor

, areas, is 257,800 kJ/m2. (22,700 Btu/ ft2) with a. typical
fuel loading of 170,340 kJ/m? (15,000 Btu/ft?).3]

2.3 Ignition Source Fuel Packet Screening.Tests

,--In .order t&rfesolve the full range of_L.ncerns about cabinet
' fires, a. number of credible ignition sources needed to be

>i._-considered in initiating the internal cabinet fires. It.l-was
not the goal of this study to demonstrate that *a "credible.
'ignition" source could actually ignite: rather it -was . to
identify possible ignition sources and evaluate their ability

*l-.. to initiate a fire in cabindt in situ fuels.

; *As discussed in Section 1,3 and shown int Figure 1, many
* sources were. employed in determining what were credible igni-

tion sources.-. After the review,.,and in' order to minimize the
;number of: tests, it 'was concluded that one transient solid
fuel: ignition* source and "ohe ...electrical ignition source
should be employed in the cabinet fire tests. The tests that

;-14 were conducted to evaluate~ the ability of the electrical
ignition source were performed separately and are discussed

.:in'detail in a report by Spletzer.[10-

-. * * *** J.
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A total of five (5) Screening.Tests were performed with the
p..urpose of evaluating two different transient ignition
source fuel packets for their ability to ignite an in situ

G'fuel (cables) in nuclear power plant cabinets..From. these
tesi:s, a single transient ignition source was to be selected.
The criteria used for evaluating the. ignition source fuel.
.. packets were:. (1) peak temperature, (2) sufficient burn
.duration, and (3) visual observation of flame height. Based
on't.hese criteria. themost severe of the fuel packets tested
was to be selected for use in the Scoping Tests and later in
the Preliminary Cabinet Tests.

.. , . Eli: .

: The transient ignition source fuel packets (heat values cal-
culated using values available in the literature'll]).chosen.. V
for testing were selected as discussed in 'the test plan (3] ,.tI110ii
and consisted of the following:

-- 1. Empty computer paper box, 0.455 kg (16 oz) box of
0kimwipes, and 0.946 t (1 qt'-of acetone [total heat

content approximately 30,800 kJ (29.200 Btus)]-: -

.. 2. 9.46 t (2.5 gallon) polyethylene bucket. 0.455' kg
* * (16 oz) box of- kimwipes. and 0.946 t (1 qt) of

acetone (total heat content approximately 72.200 kJ
(68.500 Btus)]

.The Screening Tests were conducted in an actual cabinet and.

..setup.so that..the'kimwipes and acetone were placed in the box
- - or bucket, depending on the fuel packet being tested. Ail

'the Screening Tests were initiated by igniting one of the
.kimw~ipes with an electrically ignited pilot light. The
*'i. Screening Test setup and results are described in detall in
a separate test report. l1] Based on the test criteria pre-
viously discussed, the outcome of these tests was that the
fuel packet (previously.: shown in Figure 3), consisting.. of .
the polyethylene.bucket,1kimwipes. and acetone, was the more

* severe of the ignition sources tested. It resulted in the.
largest flames and highest temperatures with an average.
. .lare height o'f 0.91 m. (3 ft) and.a peak flame temperature:'
of 640';C, .O.'46'm (1.5 ft) abov e the fuel packet. The' fuel.''.
burned steadily for approximately 35 minutes with -a' peak
heat release, rate"--of 32.kW. In Figure 6 the heat release

'rate produced by this ignijtion source is shown. Based on.the
observation of these tests, it was felt' that this transient

''.-f.. :'fuel packet would be capable. of igniting the in situ. fuels
that would be placed in the cabinets.

' The electrical ignition apparatus- (shown in Figure 4) causes
overheating at.the point of connection on the terminal strip,
with .ignition of the single stripped (unjacketed) cables
occurring .at approximately 165 watts in 'unqualified cable.
ThiE method of electrical ignition .provides a relatively
credible' electrical ignition source for' igniting the cabinet
firts based on the p-ower required to cause ignition.

-t . i'* 1
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Figure 6. Heat. Release Rate for the Transient Ignition
.:.Source: Screening Test #5

hrough these Screening Tests, we were able to select a tran-

isent ignition source and an electrical 'ignit if source.
Both appear capable of igniting in situ fuel (cable bundles)*,..
in a cabinet. 'Also; both ignition- sources appear .'to be
relatively credible based on their size and the...background -

* information:gathered (shown in Figure l.).

' ? *.* 2.4 Cabinet In Situ Fuel Scoping Tests

A total"bf 11 Scoping Tests (ST) were performed to evaluate
the ability of the selected ignition source fuels to- ignite-.
a ard propagate a fire in a cable bundle and to select credible-\o.
in situ fuel, amounts and configurations (i.e.. amounts and
configurations that might' be found in a nuclear power plant

...

. 1

1 .. :,
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control cabinet)) These tests were conducted on a smaller.
scale (i.e.. minimal..rlstrumentation and equipment) than the
planned Preliminary Cabinet Tests for a quicker test turn-
around time. reduced.test cost, and increased total testing.:

*,'.'The--criteria for evaluating .the. Scoping Tests was somewhat
arbitrary in that there were no pass/fail requirements. and
with each' test the goals differed somewhat. Typically, the
tests *were evaluated to determine if the ignition source L

ignited the in situ fuel and if the fire propagated. Results' ,
* * o f the Scoping Tests are discussed in moredetail in a sepa-

rater test report [121 and in Appendix B. No Scoping Tests
were conducted with the electrical ignition source.

The parameters of concern for these tests. 'focused on the
: -:ign:Ltion source and the -in situ fuel. The transient initio. .

source fuel packet discussed in the previous section WAS used
in most of the Scoping Tests. However, a similar fuel pack-
et. but with -only 0.473 9 (1 pint) of acetoner instead of
0.946 . (1 quart), was used in ST #1 and 1$2 'to. evaluate if
a smaller ignition source was capable of igniting a cabinet '.-"'
, fire. In ST #1 through 5 a vertical, single bay cabinet

* measuring 0.762 x 0.914 x 2.29 m'(2.5 x 3 x 7..S 'ft) was used.
; *. while a vertical.,single..bay. 0.91 x 1.22 x 2.29 m (3 x 4*x

7.5.ft), nuclear power' plant cabinet was used in ST #6 . . !'jt.
:-; through 11. The ignition source and in situ.fuel bundle were

' placed inside the cabinet. The cables used as the in situ . . .1 b
* fuel source were. the qualified cable and unqualified cable S

described in Section 2.2. .

Table 2. a miatrix of the eleven cabinet fire Scoping Tests.
'. showvs ,the- variables investigated and a brief siummary. of the" ..

-results, The eleven teists. can -be_ broken down into three
-. ategories:. (a) Scopingi Tests #1 through 5, wer.e performed
_, to investigate the -abilidy of the. ignition source to ignite 'a
cable bundle and the efe.ct.s of location/arrangement of, the

. in.situ fuels: (b) Scoping.Tests #6 through 9, were cabinet
fire propagation tests on qualified -cable, and (c) Scoping
Tests #10 and #11. investigated the in situ fuel amounts and
configurations to be used with, unqualified cable. In the:-
following paragraphs,. the *tests and results will be briefly`. ,
described. .. . .

l:The Scoping Tests in category (a.) used only a single cable
, ..,:,bundle In an attempt to uevaiuate if the transient ignition

source. could ignite'the 6able bundle and propagate a fire in
it. The setup for these tests is shown in Figure 7. The
cabinet had 'no doors so that the fire could be videotaped
and to ensure adequate ventilation for the fire.

'As can be" seen in Table 2-and in Figure r.7'.the heat release
rate for ST #1 and ST #2 is. lower than that produced by only
the larger ignition source in the Screening Test (see Fig-
ure 6.) indicating that- little: cable insulation was burned..

11 . .* . . -. ..,
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. Matrix of scoping Tests

.i d Intense
.Amount of b Cabinet -Burni.-

*Cable In Situ Fuels ventilation Peak HRR Duration Test
Test

.. . . . .ST

a (KJ) Method

Q

.ST2 Q

* ST3 . .Q

ST4 Q

117',000

117,000

.117,000 -

? 117000 _.

117.000STS UQ

No doors

No doors

No doors

No doors . ..

No doors

No doors

Doors closed

Doors closed

! Doors open
Doors closed

.,

(KW) (min) Result

24 15 Bundle did not
burn

27 17 No propagation

77. . 18 Entire bundle
consumed

82 - 71 Almost eneire --
bundle consumed

132 17 Entire bundle
consumed

82 25 No propagationI ,
95 25 No propagation

.I..
93 30 /No propagation

74 20 No propagation

280 30 Propagated
All burned

.I,
N):

I_

ST6 . Q

ST7 Q

.ST8 - Q

ST9 barriers Q

STIO UQ

3I 8.500.

348.500

582,875

234.990

;611.530i :

* ST11 . UQ 611.530 Door open 506. 20 Propagated .
All burned

a Standard Ignition source was 0.946 t Acetone. 9.463 1 polyethlyene bucket. and 0.455. kg
box of kimwipes--Scoping Tests I and 2 differed slightly in that only 1 pint acetone was
used. . .

b Excludes Ignition source. .
: Tests #1 though 5 conducted. in a 0.762 x 0.414 x 2.28 m cabinet and Tests 56 though 11
performed in. 0.91 m k 1.22 m x 2.29 m cabinet. .

d In. tests with closed doors, ventilation is provided through ventilatlon grills. ,

I *
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In ST #1, the cable bundle was in a configuration which did
not allow the ignition source fire to impinge on the, cable
bundle and in ST 42 the ignition source simply was not ade-
quate to ignite and propagate a fire in a vertical bundle..of
qualified cable. Consequently, for the-remaining tests- the

1k' . originally, selected ignition source, with 0.946 t (1.qt) of
acetone, was used. In ST *3. the cable bundle was loosened
up to allow additional air flow, and flames, through the
cables;- In this test,' the cable bundle.ignited and the fire
propagated up, the bundle. Scoping Test #4 was similar but.
with an even looser cable bundle arrangement (Figure 7).
The cable bundle ignited and burned quickly in ST #4 -as ,
shown by' the HRR, 'Figure 8. Unqualified cable was used in.'
ST #5 and was easily ignited by the transient ignition A '"

* source-and burned completely with a peak HRR of 132 kW.

Once it,,was established that the ignition source could ignite
qualified cable (from ST #3 and #4), tests were needed to
evaluate if a fire in' qualified cable. would propagate'
throughout a cabinet. Scoping Tests 06 through 9 used only
qualified' cable with different in situ fuel lioading amounts - ;
and configurations to investigate if the fire would. propa-
gate from one side of the cabinet to the other. Different
cabinet ventilation'''methods, and even barriers were used;'
h ':wever, in none of the. tests with qualified cable. did the
fire propagate from the ignition corner bundle to the oppo-

,-site' side of the. cabinet. The cable arrangement used in
-ST# 8 " -is shown in Figure 9. Note the significantly higher ' ; ui

. . fuel loading than that used in ST *4 (shown in Figure 7).
The 'outcome of ST416 through 9 is shown in' 'Table-2 and-
F.igure l0 is a' plot of the HRR from these tests. The re-,

l 0 . .sultant HRR for, all these tests is, similar to that 'from:- .j
ST #4 where only the corher cable bundle was burned, indi-
cating that little morei than' the- corner bundle 'actually
burned'. This was confirmed by. the visual inspection of the
cables after the test. Based on these tests, it appears
that a fire in the tested: qualified cable will not spread in
a vertical cabinet with the given ignition source.

.' " ' The last Scoping Tests,',. 010 and 11. were conducted. to
;.investiate in situ fuel loading amounts and geometries for,

j : .unqualified cable arid to 'determine if a.fire in unqualified.
cable would- spread throughout a cabinet. The tests used

.. .' -- imi~lar fue'l' loading. amounts an'd-._5pnf igurations bu't with - '
,different cabinet ventilation methods."-These tests demo'n-..

-- strated that for the configurations tested. a fire can propa.'
gate throughout 'a cabinet'. Furthermore, it was noted 'that
.although the'cabinet temperatures were higher dueto trapped
heat with closed cabinet *doors (ST 010, ventilation grills'
on doors) the HRR was lower,' as shown, in Figure 11. This.. '

.result is most likely because the.fire was not,.getting suffi- , '

cient oxygen due to' the limited ventilation and, therefore

--23- t*J
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th.fiedd o rwa. lrea-i coud*av otewie

The enclosure ai r temperature in ST *11 (in the.upper. part of
.the te~st enclosure. -3.35 m up) was the highest of Any ofth

Scoping Tests with a peak temperature of 1360 C at 8mnt~.'
after ignition. In both of these tests, the smoke obscured
.the view within the room in approximately eight minutes.

ST 410- UQLIIDCBE
44 S CABINET DOORS CLOSED

.400 ST *1- UNQUALIFIED CABLE,
flljIl ST *11 CABINET DOORS OPEN .*

260

0 030 40 50 60

TIME (MIN)

Figuire 1 1. -. Heat.Release :Rate P~lots for Sc-aping Test's 1410- an'd

.A *niiiber- -of' conclusions. can be made as a .. result of -the
.. Scopin TetIha ieinsight into cabinet f ire -develop-

etad input i-nto.' th rliminary Cabinet Tests. The.
66rciiclsions 'are as folloiws: .- -

a. ..There is a' "critical", amount. of "ignition source
fuel" that is n~cessairy 'to ignite a cable bundle.

b. Qualif ied cable, fires (with the selected cable and
igniionsource) 'in vertical cabinets do not spread.

throughout the cabinet.

c. Unqualified- Cabld in vertical cabinets will easily....
-ignite (wi~th the selected ignition source)' and .-

~,~..propagate a fire in a single cabinet.

.4.;2.,



4.0

-. d. :Burning rate (as 1measured by the HRR) is affected by .
the ventilation method (i.e.. closed or open cabinet
-door) in tests using unqualified cable. Closed cabi-
net doors appear to result in higher cabinet temper-. ....
'ature but also cause oxygen deprivation that appears' -

olS;r' a.. . to limitthe burning rate.
e. . n

- e. Smoke obscuration in the test enclosure occurs within
I eight minutes. in. unqualified cable cabinet'fires in

- ;the configurations tested.

:f. The. thermal environment in the enclosure does not
become severe enough to cause melting -of.- components*.
or result in flashover.

F'prthermore., an important observation made during the teE. ts
Was- that when comparing the test cabinets loaded with in situ
fuel (loading's are- based on survey information) to pictures
of actual nuclear power plant cabinets, the fuel load appears .
to be small. As a result of the Scoping Tests, it appears, 11
-that cabinet fires with! qualified cable do not propagate-
significantly. However, cabinet fires with unqualified cable

__Qfi . ' ay be a real threat:to the safety of a nuclear power plant,.
from the standpoint of fire spread,- and control room habit- .

3..,.ability, given the "critical" conditions and config~urations. '!l

3-, -INVESTlGATION OF FULL-SCALE INTERNALLY IGNITED CABINET
FIRES--PRELIMINARY CABINET TESTi -'

S An. , .- _ ,. I . I - . , ............................................

3.1 Purpose

This series. of testing. 'designated the Preliminary Cabinet
Fire Tests, was conduct d to investigate the potential for.
full-scale cabinet fires to ignite and propagate. These .-.
--tests differed from the earlier'Screening. and Scoping Test:s' ...
..in that (a) larger in situ fuel loads were tested, (b) more>',
...:Cabinet .styles were'< tested. and (c) more adjacent cabinet
:and room- effects were investigated. However, the primary :

r't.J .'pulrpose of these tests was to investigate cabinet- effects ais. ,
' 'described- in Section 1.2.! As previously stated, only inter-

nally ignited cabinet fires were investigated because. they
were deemed to be more of;a threat to a cabinet than external .

ftires. These tests were~performed with materials and setup .:-.
--such that, they were as representative of nuclear power plant
conditions as possible.

3.2 Methodology ' i :

The materials. used- in the testing were -described in Sec-
,tiin *2.2. In this section the cabinet arrangements. and' ., .

. calbinet fuel loadin -will be discussed ' .- . .

.I -2 6--- . -- ' -.. - . .
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The arrangement of the vertical cabinets inside the test- i:
enclosure is shown in Figure 12. Cabinet'A Is the cabinet
in which ..the fire was ignited, and cabinets B and C were

;`..'.'.,.-..placed on..:either side of cabinet A so that the-effects of
the-fire on adjacent cabinets could *be_.monitored. The front.ij
of cabinet D was approximately 3.66 m (12..ft) from the front
of cabinet A, and was placed there so that the. effects of

* 42: the fire on a "remote" cabinet could be monitored..

,'.32 '.. -: . ...

1.53m rn
.4 .. *. I-7.J. -

itLik * . 17; ADJACENT A 1 |
P . 1.53m- CABINET .

IGNITION xA
LOCATION

VERTICAL7.62 m CABINET

8M

':. . 1... 2'm

*'~ ~ ~ ~ ~~~ -T4 .z '. .2'
:-, . i: e _ | $ -DOOOR ...-.'-t's'' '|-* * .<F 8 0O

*| ia-.' ., -' ' ! I

Figure 12. General Arrangement Drawing 'for Cabinet Fire
* Tests With Vertical Cabinets

fo; wit .h , ., ,,. ,,. ;, l
The cabinet arrangement: fo L tests with the benchboard-styie .-
cabinets is shown in 'Figurje 13. In these tests there' were .i. jiJ
only three cabinets,'.due -to their size. However, on the.

- side odf cabinet A where ;there was no 'adjacent cabinet,'. a
barrier was set up next to, the cabinet to simulate an 'adja- .

;.'.-- k Xcent cabinet. This was done so the configuration was simi-'.
* i; lar to the previous Preliminary Cabinet. Tests and so' the
|iii~zfir e 'would not burn differently due to heat losses through

X j,;g.L~the single wall. .. ......

In situ fuel loading arraAgements and.. amounts varied from
test to test: however, "standard cable bundles" were used in

* all the tests to make up the larger cable bundles and cable

* ; -27- _ . ...
', ., . .- i. WN



arrangements. There were two "standard cable bundles": #l.
consisted -of. 12 single conductors, with the insulation. i
stripped out of the cable jacket, each piece 2.13 m (7 ft) -

.long; #12 consisted-of- three jacketed 2.13-m.(7-ft) pieces ..of~.-.:-.4
3-conductor cable tied together. In Table 3, the.. standard, '

.,;..~.:,.cable bundles with .their fuel loading are given for '.both .
qualified and unqualified. cable. The stripped-out single'
conductors were used because in many;cases in nuclear power

* -plant cabinets, the jabkets of cables. are stripped off as --
they -enter the cabinet' leaving only the, insulator on the
conductor. Larger bundles of cable were made up of these .

"standard bundles" which allowed for easier setup and better.----
.control of the cable configuration. -Total fuel loadings in LI

'the cabinets are described in the test description sections..- `i
'ein addition to the cables, plastic wire ways that are also
;found- -in cabinets werel used in the tests to hold cables.
These wire ways are mate of a polyvinyl chloride (PVC). and
are "self-extinguishing." They are an open box type-struc- .:
t.ure with a cover. that snaps in place to contain the wires. .

i,.F.<-;.P -these weredescribed .iP detail in the -test plan.(3] The E
' fuel loads for the wire gays are also shown in Table 3.

. I 1II 7t~, :i];

;;. ... . M I TE RED . Z-ENCHCOARARD:J1

...C ABINET| BESTANDARD- . ..

?.62m \
i|IGNITION

!'- * , ;' . 1.L |' LOCATION

,i--_.~~ ..'*1 .-... _* ...

*. C REREMOTE
VERTICALLJCASINET

L .222 m
j' J DOOR

go j. . _

'FLgure 13 General Arrangement Drawing for Cabinet Fire
* Test With Benchboard Cabinets
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/ I

* 1/

; -, ; !

.:an.r Cable .u.l De.3: -,i. .os ,nd oading
:.~ ... , .: .. '

Standard Cable Bundle Descr~iptions and 1Loadings .

,. . STANDARD CABLE DESCRIPTIONS.'
I:..r. . .I. J. .. ;.

FUEL. I #1 . ' , #7>

LOAD.
PER . <
BUNDLE (KJ), [BTU]

12. Conductors (stripped
out of jackets) and tied

Three 3 Conductor Cables
I .tied together - 7' length

. .......QUALIFIED:
( K. ..CABLE

- ~(KJ) [BTiU1

.... _. J. 8820
..(8360]

23.625
(22. 393]..

.- UNQUALIFtED--! - 7938 '
.CABLE [7524]

N (KJ) (BTU]

.. †.. -- -- 19l.183
(18,183]

to

"NEW" AND : 9515 23.980
QUALIFIED (9018] [22.728]

CABLE .
(KJ) EBTO]

NEW" AND . 9790 / 23.747
UNQUALrFIED
CABLE

(KJ) tBTU]

t9279] t22.5071

I - -

NOTES:

1. A plastic wire
1.82 m (6 ft) pi

.--2. Heat values for
tion values-fror

I

way and cover were also used in.the tests, fuel loading for
iece of wire way and cover; 33,760'kJ.(32.000 Btu).
.calculating fuel loadings were based on. total .heat of combus-
na report by Tewarson.(13]

. *. . a. . *1
i a. .

....

-. a4--.--a.-.-.�. ------.----
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. 3.3 -Discussion of Tests and Results

A total of six Preliminary Cabinet Tests were conducted to
evaluate the ignition and development of full-scale.. inter-
nally ignited cabinet fifes. *A test matrix of' the variable's

' investigated in this test. series is shown-in' Table 4. The.
tests are described.in detail in the following sections..

:.3.3.1 Tests in Vertical Cabinets

-- 'total of four (4) Preliminary Cabinet. Tests (PCTs) ware
'.. conducted' in vertical cabinets with differing types and

1amounts of in situ fuel.' The test parameters are shown in,
T-j L Table 4. A summary of the results from these tests are shown
i:n Table S. Two types of cabinet ventilation, open cabinet
doors and closed doors wi.th ventilation grills on the doors,
'Were investigated with vertical cabinets, both in tests w ith .
unqualified cable. Two of' these cabinet fire tests in vo.r-

'..tical cabinets' used unqualified 'cable, one- used' qualified
cab'le,.'and one 'used a pan of. heptane as the fuel source. in'
the cabinet. These'tests will be discussed in the fol.lowing'

0'¢ . section. * , i;

.PCT #1 was conducted with unqualified cable.as the fuel, had
'closed cabinet doors. and was ignited with the- standard
transient ignition source discussed in Section 2.2. 'A com-

4.0 -- 'plete- description of the test variables and a timeline des-
c'ribing the highlights of the test arte provided'in Figure. 14. ,
T.e' fuel loading, shown in. Figure 15a. was higher (in total) , :-

. ' than had been used in any of the previously conducted Scoping
Tests due to the larger floor area of the cabinet, although ' '

the, loading -per..squar.e meter of cabinet floor area was the -- '. 1
I'X ; same. The cabinet was set up so that the cabinet doors were

closed.-as. shown in Figure 15; however. the doors had top and
s ;, bottom ventilation grills' to provide ventilation (this test

.j , ssimilar to ST #10). In addition, eight meters and eight JAI
.. r.sitches were placed -in adjacent cabinets and around the en,-

i Q ; = -'-osure to investigate how the fire affected components.1'51. '

,.,'A pictorial'sequence of PCT *1 is shown in Figure 15. Since'
the cabinet doors were Closed, no pictures of''the---burnirig.-
cables could be taken. Figure 15b was taken at'11.66 minutes ... '

. after ignition and shows the smoke level beginning to obscure'e.- ...
the cabinets. The smoke took longer to obscure the cabinets '
in PCT. #1 than it did in ST #10. A possible explana'tion.for ' 1'
this is that PCT $tl'did Knot burn as fast as ST #10 (to be , Mi

,.. *;i~,, 'discussed). Plots of four temperatures that are indicative ' ' :
of the thermal development in the burning cabinet, the ' 1
adjacent cabinets, 'and 'in;the enclosure are provided-in Fig-
ure 16.* Thermocouple (TC) 37 is a measure of the air temper-
ature in the center', of cabinet A. and shows a peak -of 305.c -K.:

L1I.. at 20 minutes.,then quickly drops off. Thermocouples .82 'and

-30.- *
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binet Tests

IN SITU. FUEL
TYPE AMOUNT (KJ)

rBTU'

a

TEST It IGNITION
FUEL

CABINET
TYPE VENTILATION

!. PCTA1- Transient Vertical -Vent Grills
on Doors

UQ. 7.283 x 105

[6.90 x 105]

I

t4JI .

w

... . PCT .2. -

. . PCT 3.

Transient. ---- Vertical .--

Transient

'HeptanePCT

PCT

. PCT

4

Vertical

Vertical/

Benchb~oard

Benchboard

.-Doors Open

-Doors Open

Doors Open

Door Open
Front Grill

Door Open
Front Grill,

*. UQ. -1;0Lx-0 - -

£1 x 1061

4Q 1.055 x 106

(1 x .106]

Heptane 56.78 t.(.929 m2 pan)
t15 gal (10' ft 2 pan)I

S Electrical UQ

Q6 Transient

1.5199 x 106
(1.44 X 106]

.1.551 x 106
(1.47 x 106]

I -

a .

If

*t. . *

.. *''� . ;!. *.*�..4 . * ...a ,.J fDA 4.44k.-4... � ........
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.TEST #
IN SITU FUE

T PE.

* sumniay of wareuIts..From 
Vertical Cabinet 

Tests

,5 5 * *. .

L PEAK HRR PEAK TEMPERATURES 
(eC) . 'BURN

(tW) ROOM ADJACENT CABINET 
DURATION

SR I

OBERAIOS

(MIN)

PCT 1 
UQ 185

* PCT2 --UQ 
995

52
60

40
* Propagation.

obscuration ,

. at 11 minutes

'160---6 O - -- *8* - -1.5.---

. . I .

* Propagation-,-- 
-_-

I obscuration
at 6 minutes

No propagation.
obscuration at

10minutes
PCT 3

PCT 4A

PCT 4C

Q
56 so

60

115
.' .;

. 25

/5

. I

Heptane

Heptane

.750. 1

,1900
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275

25
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TEST # r CTI*1

CABINET TYPE AND SIZE: VERTICAL CABINEFT. nflt 1 --;i S

.. .':*

I..

I. I

~.2.2qmfvSI IIt

LLS,

_ -_- .... _ . 7_

CABINET.VENTILATION METHOD: DOORS CLOSED, DOORS.WITH VENTILATION GRII
2TOPAND 2'BOTTOM

CABLE TYPE: UNQUALIFIED CABLE (PE/PVC)

IN/SITU FUEL LOADING: 7.84 x 105 kJ (7.43 x 1OS Btu)
562,712 kJ/m2 (49,550 3tu/tt2).

IGNITION SOURCE: PLASTIC BUCKET, BOX KIMWIPES, 0.946 2 ACETONE
- - ,*,* 72,220 kJ (68L450 Btu) . .

I
I

I..0

rl '

I

0 * 20 30 40

* . .TIME (min)

.* ..Figure 14., Descr tona~TM Tn~~o C #1

'V . .1
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t TC 37- CRB. A ,  CENTER FIIR 

A 
TC 47 -  ENCLOSURE A I R .  3 . 3 5  m UP 

TC 8 2 -  C R B .  C .  CABLE BUNDLE 
ON WRLL 

TC 85- CRB. C ,  CENTER A I R  

..- . 

; .i; 14; 
Figure 16. Temperature Measurements in PCT #1 
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85 are located in an adj'acent cabinet, cabinet C ( s e e  Fig- .+..::' : , ;f' 
ure 12). TC 82 is in a cable bundle on the wall adjacent to 4.. - it ... I. 
cabinet A .  and TC 85 is the center air temperature. Both of ,. !P I &  Sib 
these  temperature measubiments are less than 9 0 ° C  and peak , I .  

long after- the peak temperature occurs in cabinet A due to 
the thermal- lag caused by, the cabinet walls. Enclosure tem- - .  

1. 

perature. as measured by; TC 47 ( 3 . 3 5 - . m  [ll Et] u p  in the 
I 

center of the t e s t  enclosure), does. not',.show a significant 
rise and i s  steady .throughout most of the test. The heat 
release rate ( H R R )  rises jvery quickly up to 180 kW as shown 
in Figure.17. After. the H R R  p e a k e d ,  at approximately 11 min- 
utes, it drops off slightly a n d  rises again indicating a d d i -  , :: ., ! '  

tional combustion. The fire then slowly burns down. Based 
on the temperature- measurements in cabinet A ,  TC 37, the 
results' of ST #lo, and the I I R R ,  i t  appears that oxygen depri- 
vation. was beginning to ioccur:..in the cabinet due to the 
limited ventilation provided b y -  the ventilation grills a n d  a ;. .>. ...: 

$?, $ 
cl06ed doors resulting in the steady burn rate of 150 to .' . ,: . .  Y:,. .i..j 

$ . & . . . .  z , .  . , - ,.p ,. 
- - :;+.:... :. . z  , 

I. 
.%., A.. ,.- ,-%I 1 6 0 k W .  However, b e c a u s e :  there w a s  no oxygen pcobe in the 
;:L:; . ,-; 

$; t-,;!::: . . cabinet, this cannot be c,onEirrned.  B a s e d  on the total heat 
;,,;;. ;. &? 

;z,.<Cmi.. released, also shown in ~iigure 17, it  appears that -47 p e r -  
, :' ' 
. . T i - . -  . ,.LC: cent of the total potential heat content of the fuel load was 
, . . ,, : -<~\:  -, . 

released. The fire growth rate during the first 11 minutes ;.>..::.,'.;i . . ,  .;.; ..:, ~ 

1 : : .  
of the test w a s  -20 kW/mi,n or 0.33 kW/sec and w a s  steady . '  ' .+:. . , .  as shown by the curve of t h e  total heat released. A posttest . . 



inspecltion of the cabinet in situ fuel revealed that all the.
cables on the right-hafid side of the cabinet were combusted.

,..as shown in Figure 15. ,{oweve r.. the. ca~bles'..'on the left-hand ;44ll;~
side of the cabinet.were only partially.'combusted.. The total
.weight loss was 18.63 kg (41 lbs) ,(t~his' includes the ignition -a i
source fuels), :.which is ,73.5 percent of the available fuel.

,.. The. maximum weight loss rate during the test was -0.91. kg/min
* : . (2 lbs/niih).- The total Pheat released does"not appear to be.--.-.

* -consistent with the total mass -lost. An explanation for, ; :;j
this 4Lnconsistency is that the heat-oYtcombustion value used

.--. to calculate the fuel' loading was the 'total- heat. of '
combustion [.13- and typically a cable- fire burns at about:
50 peftcent. 'efficiency. , ' . . ..

200' .
XE+5; ';

Jo: .':, JS ' X<' ES *4E+54

Sn

_.R 3E+S;

3E+5 .

amn- 50- a 0- - i

IES

a''. 13S .6 ........

0 7 ' -A' I ' . , -0g

18.'0 20 30-'' 40. 58 6o.

.. - i.*; TIME (MIN) , . .

' Figure 17. Heat Release Rate and Total-Heat Released From --:
.. PCT 1 - .'T '. * #'.

'PCT-#1 showed that a cabinet fire with~un'quaiified cable' as'
the in situ' fuel can..propagate in a vertical cabinet with

,'&l co6ed' doors and ventilation grills; yet. there is the poten-
tial" for. oxygen pi onoccurring' in the cabinet due to'

--.the: limits on ventilation. None of the seven meters or, ;4.
switches experienced. short-term damage (except those- in the'

A",,''. burning cabinet),. and:theiresults of the inspection of these.
:ecorponents'.is discussed i~n Jacobus' report.[15] Furthermore, .

* aithotgh- the t~hera(1-,enivitonment in the enclosure and adja-.
f cent cabinets'was-not severe enough to result in autoignition

1 1 'of the cables or-components, the environment in thiie enloasure.
was severe from a habitability standpoint, due to -the 'smoke
which obscured vision within 11 minutes. after ignition. .,, .,,,. '

!:'; - . , , -3 6- *,' :f

* * . t1'X

Is

},t
,T



As a result of discussion with NRC,. the fuel loading.amount.'
in the. cabinet was changed in PCT 12 as shown in Table 4.
This test was conducted with unqualified cable.' and open

44 ' .doors provided cabinet ventilation, and the standard tran- 4'
sient' ignition source was employed in igniting'.the cabinet'
f tire. Open cabinet doors are a legitimate configurationi are<

i 'because in many real applications the cabinets contain no
.i' .doors..at. all. In Tlgur6 18, a complete description of the'-'.:¢

test variables and a timeline showing the highlights of the
*:. test are provided. The larger'--uel load used in this'

. -test, 1.05 x 10 6 kJ'(1.O X 106 Btu), shown in Figure 19a.,.was..'
* used because the fuel loading in PCT' *1 still appeared to be.
* too small based on pictures of real cabinets from operating

plants. . Eight switches and meters were also included in
this test *to investigate the effects of the fire on them..
In addition,. cable bundles were placed in the adjacent and.
remote cabinets.' : . .t.

The fire. in' this'test developed very quickly as-is shown in
Z.: .' Figures 18 'and 19...: In fact. by'nine minutes after ignition...

,as'' shown in Figure''19b,!the entire right-hand side of the
cabinet was burning. It. is obvious from the plots of the

is". .. cabinet 'temperatures. Figure 20, that the fire developed
quicker and was much more severe than PCT #1. The thern:o-
couple placement was different in this test (PCT 42) as com-

. pared to PCT *1; therefore, the thermocouple numbers are not
4 the same.- Thermocouple 24 shows' the air temperature in the.

center of cabinet A. with temperatures rising very rapidly- ,4,
in 10 minutes to' flame temperature (950°C). However, TC'83, ' -

;' k;.* ,. the center air. temperature in cabinet C, only reached 82-C
which--does. not appear severe enough to result in melting the L
cables or components in the adjacent cabinets.' The tempera-
ture measurement in the cable bundle in the adjacent 'cabinet

-was lost; although. TC.22 gives an indication of the inside
adjacent' cabinet wall temperature' (inside cabinet C). The.

,..wall temperature begins to climb very rapidly at 8 minutes -
to' a peak of 2800C. which: is hot enough to melt many plastic .
materials, -yet,.not high enough to result in autoignition of-
'cables (16] or other' compbnents. The thermal environment in
the .encl6sure, as measured by TC-47,-'was much higher than in
PCT #1, and reached a peak of 1820C at 1.2 minutes after .-
ignition. The enclosure temperature stayed -above 150*C for
-7 minutes'. ' : : ; *- '-.,-- ,,I * ; f
i- The.HRR .plot' shown in Figure 21. provides a 'good indication

,< .. of how :quickly the fire' developed in PCT 12. Within 7 min--
>4i4.k.futes. 'the HRR rose. from :100 kW to almost 1000 kW. a rate' . "

f .-:',.gr'owth of- '128 kW/minute or 2.13 kW/eec. which. is' substan-.
i'ally higher than that experienced in' PCT *1. In looking '

.Al'-<~tl.at -Fig'ur`.2'0, -thie '-peak. temperature in .the'cabinet -A -
occurs almost simult-a'ieously with the peak HRR. and the peak
enclosure temperature lags a couple minutes behind-t..he peak A .

elcl sure. t.e . _peak.*.

r12g':n;,''' ' ' '' ' ' 17-
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TEST: PCT #2 
**;

CABINET TYPE AND SIZE: VERTICAL, 0.91 xl1.51 X 2.29 m (3 x 5x7.5h);,:

* 
CABINET VENTILATION'METH-ODi; DOORS OPEN, TWO OPENINGS, DOORS 0.61 x ~.13 rm (2 x 7 ft)

l:. �. vtwc�. I.. '11"'517r :

.,., -71!�.I -

. 1. I . �

", :1 -1.4
.. f - . .

. . . I..

CABLE TYPE: 'UNQUALIFIED CABLE (PE/PVC)

IN SITU FUEL LOADING: 1.054 x 106 kJ (9.99 x 105 Btu)
70,260 kjfft2 (66,600 B'tUfft 2)

. . . . . I ,, :
I 

-I

IGNITION SOURCE: PLASTIC/BUCKET, BOX KIMWIPES, 0.9461L ACETONE'~

. . . .~ 72,220 kJ (68,450 Btu)..~ .. ... .

e- P-

'cv
I

.w
co

0 10 . . 20 .. ' 30 .. -1 ..
40

TIME (min)

7igure 18.. Description. and Timeline'lIfor 
PCT )2".~**.
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Figure 19.. Photographic Sequence of PCT #2
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HRR. A-total of 8.39 x 105 kJ of :heat was released as
shown in Figure 21,..and all the cables in cabinet A appeared.;.

.-to have burned. Based on the total heat release plot. A: '14

approcimately 79.6 percent *of the potential heat available,.,
:M.-^ _'"*. in the fuel load actually combusted. A total of 25.5 kg -" 

4 'M" ,

,.:.(56 lb's) of 'cable insulation (including the ignition source) v4
--:was burned, representing 73.5 percent of. the cable. insu-
i lation weight. The maximum burn rate 'was 0.805 kg/min-.

(1..77 lb/min) which 'is lower than'that experienced in PCT *x..
-. These "numbers are :inconsistent because PCT #2 had *a higher
peak HRR and a lower mass loss rate. One possible explana-

14i>`: tion is that the burning cabinet tilted against one of the'6
adjacent cabinets' during' the .fire.-. thus offsetting the 'load--'-"'.'
cell reading and resulting in bad mass loss data. In any..',
case,, the' maximum :weight loss calculated using* the HRR and
total heat of c'ombiistiln! value is 1.93 kg/min (4.24 lb/min),.
Since the' mass ' los data appears inaccurate for this test,.
it is not possible to compare the fuel burned from the stand- 4
point of "total heat released and total mass lost. However,.
it does appear that PCT #2 had a higher efficiency.of burning. .
than PCT 11 since a grea~ter percentage of the potential heat -;
of combustion. was 'apparently released. Monitoring of the
combustion gases showed.peak readings for C02, CO. and hydro-
carbons ;of '2.28 percent, 10. 689 ppm, and 10, 400 ppm respect s',
,tively. All these.combustion gases---peaked.at approximately
the same time, -lminutes after ignition.

.- ' 'I .s - *,t

The large, difference in' burning rate between PCT $2 and...
PCT'4#1 was a.result..of.bdth the increase in the fuel loading.
'30 percent, and also because of the'increased ventilation in,
the cabinet .allowed by the open cabinet doors. Exactly how,',
much each of those factors contributed to...the increase in.' tn,"',
the burning rate cannot be determined. All the parameters .',.-'. 2 ,.

measured (e'.g., HRR. temperature, etc.). except for weight',:
.>'loss,. data, were ...significantly" higher in PCT *2, than in, Jfa
'..'previous 'tests. ' In addi'tion,.. the oxygen level in the room ""l' '

'.<eAwas ' down' to -15.5 percent in the enclosure near . the ''
Z. ;.', ceiling.:, ..It should be' noted that combustion cannot be , ,Ij4

4 "i.'maintained below 16 percent oxygen:, however, near the floor.
'the oxygen level' was probably higher because,. tlhat is where

. . the ventilation inlets .are located. The. smoke began to-
obscure the view of the cabinets. within nine minutes after.
'ignition of' the fire consequently. nothing could be seen in
the enclosure. Based, on the temperature readings. in the
.,enclosure, it .does' not appear that there' was any burning .

''.obtside..the cabinet-or in: the "hot layer;", . ' '.. l'

devel.p;en ' prgese i. F igure.:2. -F:irst, t
".. 'Video recordings' and dat& from the. thermocouples located in '

cabinet A. the buining: cabinet,. indicate...,that the fire.
.1'..development -progressed as shown in. Figure. 22.
right-hand side of the cabinet. where' the ignition source
was started, burned. Next, the fire burned across the

X -' -: ,. ' . , : - . ..,. 41->
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riq ht-hand side and lgnited cables 'on the' top part of the ..

'leit-haid..side of the cabinet. The fire then spread across . '
s , rm the right-hand side and proge~ssed down the left-hand
-side. The reason the left-hand side started burning from the..... ..

* tol? down'was because hot combustion gases from the right-hand
-6idewere forced-over to the top of the left-hand side by the .I

'-door soffit. There was no burning or damage to the. cable '
bundles*lo'cated in adjacent cabinets B and C. Three compo- -'

* nents, .located in: the enclosure and adjacent cabinets, were .i

powered and monitored throughout the test... All components-
* pe.rformed as designed (the component highest up was 1.83 m,

E 6 ft] .up 'and 3.05M [10 ftjE away from the burning cabinet
'....,.. ..'andl saw..a peaktemperature of 90'C). The. results of the.

- .co:mponent evaluation are' described by Jacobus.[15) '. .

-114

*~-- v *-'. *-- ' © ! .- . * . -,'

V!

4;
_' ; | -'IGINITIO |

. -- 1.52 m

. Figure z22 'Burn Pattern for PCT N2

PCT *2 demonstrated that for: a ve.'tical cabinet with. open'.-.
doors and with an in situ fuel .l.oadng of unqualified cablee-t'.-; !

.,4 '>'-.tlat appears similar' to ':r'eal .fue~l. loaidings in nuclear -power:-- ..
plants, pthear fire will dtvelop ,and spread rapidly throughot j4

*''.v^:~ .. . beburfiing'ca'bin'et',.-. -...............';, ji

,- . ''- 4

* i - . . . :



.However even a tire as large as this did not havea signifi-
cant thermal effect (i.e. temperature rice that could result , IP' r
in melting of cables or components) on the adjacent cabinets
in-the configuration tested. It should be noted that in this6 4,
test each cabinet had a side wall which means there was a
double wall, between cabinet interiors. In some plant appli- : .D

cations there is only a single wall and in some cases there
is no wall or barrier between cabinets which could result in
a more severe thermal ehvironment in the cabinet. The ther

-:: ..'mal environment in' the enclosure near.the ceiling was severe
enough to have caused melting of some plastics and th e smoke .'

:.concentration in the enclosure was very dense throughout the-'..-

* 'I '' ^est.t'

Although previous Scoping Tests (i.e., ST .6 through 9) had--. 7'1
already shown that a fire in qualified cable in a verticalX
':cabinet would not'spread. PCT '3 was conducted to determine'
.what effect a larger fuel loading of qualified cable in a
vertical, cabinet would have 'on ignition and propagation of a

-':fire, This. test was conducted with open cabinet doors and .

..-with an in situ fuel; loading of -1.051 x 106 kJ' (1.0 x
--1.O106 Btu) as shown in. Table 4. In Figure .23, a complete '
','description of the 'variables used, in PCT. *3 as well as a

.'the highlights that occurred during the

test is provided. The cabinet and cable setup used in this
test was similar to that used in PCT #2. The fueVl loading
shown in Figure' 24a varied somewhat from PCT. #2 in that fewer
standard cable bundles were needed to make.up the fuel load-: t
ing because the qualified cable bundles were heavier. Also',
Amanyyof the cable. bundles that were :run from. the right-hand .
side of'the cabinet to; the .left-hand side were run diago-
nally upwa'rd to enhance the likelihood of the fire to propa,'.....'i.
gate up the cables and spread the fire to the left-hand side
of the' cabinet. This method of loading the cables almost
succeeded in propagating the fire as shown in Figure.24b -
the diagonal cables almost burned over to the left-hand side-a. ', ^,
of the cabinet.. , . S

The resulting tenperaturles produced by the fire in the burn-: xh.

ing cabinet. 'the ;enclo'ure. and-Lin adjacent cabinets are: .

-shown in Figure 25. These thermocouple locations are the
same as those used in PCT #2. In' cbmparing these thermo :,;
couple readings.to'PCT #2 they are substantially lower. Even
:the burning cabinet air temperature. TC #27, only had a. maxi-
mum temperature of. 217°C. The other temperatures 'monitored
by TCs 82... 85, and 47,'indicate that there was not a' threat
of'autoignition or:damage to cables or comp.onents in adjacent-
,cabinets or in the enclosure.. The HRR. Figure 26, for"..PCT .3
shows that'the fire only produced a peak heat release. rate' of

.:.'-56 kW, which is lower than was experienced in any of the pre--
_:. , -'uious .Scoping Tests' with. qualified cable.', The total heat .

;-.'|,.;r.,^t-:released war, only 0.65 x 105 kJ (0.'61 X 105 Btu) which is8 88'i4;

slightly less than that released by the ignition source in '. i

* ., ; ~S. .... . . . ' . - 3;
b In * -43- -. . -

; 'se : . . .' : '
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~ . ; ; CABINET TYPE AND SIZE: VERTIC;AL L;At"Irdr 1, vO.7 I A I........................s ._,,t ,, ,

; CABlNET IENTItATIO4 METHOD: DOORS OPENI, TWO OPENINGS 0.61 x 2.133 m (2 x 7 tt) ;';.

: ~CA8LE TYPE: IEEE-383 OUALIFIED CABLE (XPE/XPE),:. . . ; .. ,

IN SITU FUEL LOADING 1.056 x 106 kJ (1.001x 0Bu) ;..| -

................. 757,779 k jlM 2 (70,420 Btu/ft2) ...................... . . . :.+

;iIGNITION SOURCE; PLASTIC BUCKET, BOX KIMWIPES! 0.9461t ACETONE
- - .. . .. . :72,220 kJl (68,450 Btu) ;

.... ... :,..... .......................... ... .
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Figure 25. Temperature Measurements in PCT #3
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* E i:rceening Te'st #which was -certainly unexpected. One-po ssi- -.

ble explanation for'the unreasonably low HRR values is that
M ,: ..a valve used in the calibration process for the gas analyzer

'mmy' have been left partially open allowing ambient air to mix :
-'with the stack. sample. This would result in higher oxygen..

and hence lower HRR levels measured than those actually en- ; li-.
countered. However, a posttest calibration_9f the gas analy.

' zer revealed no problems. Aside from the fact that there
was a possible malfunction, the fire did not propagate. The
weight loss data shows that 10.45 kg (23'lbs.) of cable insu-
latio6 was burned -and a -visual inspection; after the test-:
showed that.most of the cables on the right-hand side of.the
cabinet were burned.:. However, none of. the

a -. left-hand side were burned, although some of.,the cables near
the .top. of the cabinet were smoke damaged, as shown in Fig-g

;-.- -ure 24d. Based on the weight loss data 14.6 percent of the
cabl'e. insulation was combu6ted which should correspond to-
3.24 x 105-kJ (3.07 x 105 Btu) of fuel assuming complete
ycombustion. .' . .

' Preliminary Cabinet Test #3 again showed that a cabinet fire .-.-
in a vertical cabinet~with qualified cable has little poten- . -XiI
tial to 'propagate and spread throughout a single vertical .,_:: gfg
cabinet.. This is -not to say that the fire would not spread
given a "critical' ignition source and in situ fuel configu-

-;''-ration. However,. with the in situ fuel and configurations,
tested, a fire in a vertical cabinet with qualified cable. As
not .:likely' to. propagate or result in damage to -cable' compo- .
ent's or equipment outside the .cabinet. as a result of the,

.:;,., thermal'-. envitonment. It should be noted, however, as de- .f. 8scribed in the timeline,- the smoke became very thick within..
10 minutes after ignition.of the cables, showing..-that even

:':- i'f -the fire does. not become large and propagate, it could-
result in 'problems with habitability in the enclosure or -.
equipment smoke damage. . . - ' .

PCT 4 was conducted b cause of the concern.about high tem- ..
peratures experienced -in the enclosure and adjacent cabinet ' .

,;-..'-' air and.Valls during the; large:fire in PCT.#2 (1000 kW) and
the effect.: an even larget cabinet fire might have on 'the
thermal environments. Since it was impractical (and unreal- . . 44
istic) to put twice as many cables in a cabinet, Preliminary ' f:i41d
Cabinet Test #4 was conducted using a heptane pool in 'a. cabi- 5\
net to achieve -a desired -RR. The purpose of PCT #4 was to

- produce 'a-cabinet fire using a heptane pool in a cabinet
that.-resulted.in an -2000 kW' fire, and to investigate' the' . '
temperature- excursions in the encl'sur-e: and -adjacent cabi-
h nets. Three tests were conducted using.heptane pool fires . ...

, : in cabinets to investigatethe thermal.effects of large cabi-'
net .fires .- -These 'tests were designated PCT #4A, PCT #'4B,: .
and PCT #4C. -The reason for three tests was because it took
three tests 'to produce the desired HRR, In all the.tests
with the heptane. pools,. the same cabinet.configuration used ,..
in the previous "testq. (PCT:#2 and.#3) was used. ' . '-

* ' -47-
v -! . - , -.......... . . . i
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PCT #4A:..-in which . 37.85 1 (10 gal) of heptane was burned in .
two pans-with a total area of 0.58 m2 (6.2.ft2). produced a. -
very intense fire with large flame6 shooting out the cabinet

*2^ .:doors and high temperatures in the enclosure and adjacent i< 1
cabinets.--- However, as the RRR shows in Figure 27. a peak HRR. i

< of only .750 kW was reached. In PCT t4B 56.78 1 (15 gal) of' ' 4

-'..:' ':':,heptane in two pans with a total area of 0.93 m2 (10 ft2) was
t , burled. ..This. test did. not yield any useful data because the

explosiofin relief. doors of the burn enclosure activated. due
to the. large initial presture spike when the fire was ignit- . .
a.'e PCTth4C was the same configuration as :PCT-#4B..but with
the relief, doors strengthened. The HRR in this test reached
-19ClO kW and is shown in Figure 27. This resulted in temper-%
atures in and on the ad.jacent-cabinet that were significantl.. .'
h..igher than any tests with cable-as the in situ fuel source. .- '. X
Adj'acent:.cabinet.-temperatures from PCT #4C,. Figure 2B, show ' ;,

that; the peak temperatures of 560°C and 275*C, for the cabif-v--
:net wall and air respectively. The enclosure had a peak tem-
peraiture...of -320°C. During all of these. tests cabinet A was.
esseintially at flame temperature. ' ' , ;; .
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gure 27.' Heat Release Rate for PCT-*4A and PCT *4C' . :

Based on a comparison of PCT*4A, .PCT #4C,--and PCT,.#2,- it
appears that the heptane pool fires burn more intensely tha'n

- cabinet -fires with cable:, in that even in the 'smaller (based
on HRR) PCT #4A, the temperatures in the. adjacent cabinets
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and enclosure were significantly higherI than in PCT *2. .:

-This is shown in Figures 29 and 30. which: compare the adja- '
cent cabinet wall and air temperatures foe the three tests. :.
Apparently..the larger flames in the po6l:-fire result in the;'
-higher adjacent. cabinet temperatures because of the radiant

,.je heat.: .. .. ,. . ........ .

see.

;TC 22- CRD.C, INSIDE HAL TC 90- CRB. B CENTER R,-
.TC 47- ENCLOSRE S R / TC 3 CRB.C; CENTER. AIR

.500 - - .

300 w
Js;$42S 4ea - ~TC 4 7 / i\...i

300

a:200-

I I 0

2;< _.. .I 5 ,0 20 . 2Z5 3 a .

TIME (MIN)

Figure" 28. Adjacent Cabinet and Enclosure. Temperatures for::
-PCT *4C , ' '' .y-:;'4 .

The following conclusions are based on the pool fire 'test,:.
results and'an analysis of the test results: (a) pool fires
in. cabinets.' and cable fires in cabinets burn significantly
different t(b) based on:the data and heat transfer calcula-, s
ti:ons. it appears that the heat transfer mechanisms.to adja- .

.. cent cabinets are dominated by radiation: from the cabinet. ...
I;?-S$'9walls,.:.(c) it- appears that a single cabinet alone, will most'

likely burn differently than a cabinet with adjacent cabinets'.
f,'j due to- th'e heat transfer "mechanisms, and (d) calculations L

- using the test.data showed that 'cabinets with ha-single..adja--.
r cent wall as opposed to. a double wall with an air gap.can
result in temperatures6on the adjacent..cabinet wall and pos-.. .: '

sibly in the adjacent cabinet air that could lead to melting ;
or'-.autoignition of combustibles.- Although -.th'e "pool and
cabinet fires -do not -develop -and burn the same, these tests IKtiI
have shown that single adjacent cabinet walls can result in:

7 thermal problems in adjacent cabinets. .
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0 3.3;2 ,,Tests in Benchboard Cabinets

1 A total of two-cabinet fire tests in benchboirdci'nets were.:
conducted as shown. in Table 4.. These two, tests,' one each:.
w. ith qualified cable and unqualified cable were conducted to>'^- '
investigate the, way. a fire in a benchboard cabinet would,"
develop.: A summary of the results from these tests-'are shown,
i- in Table 6. 2; :

'Table 6

Summary of Results From the Benchboard -'
,,, Cabinet Test's .

(i.1.

I.

- ........ ' , ! '4} .

-.._' , - ,' Test,# ., 5 ~ i ' 6 .. : ,§

, In Situ Fuel Type UQ Q..

P . eak HRR '(kW) 791 215' .

Peak .. Room 21 - - 115 --. -

.-Temperatures Adjacent }.,i'
( C) ' Cabinet . 100 ... 35-

'Burn Duration'(min) 20 35
Noa,' ....

..-Observations Propagation of Propagation 1.22 m up,
.. the fire, ': obscuration at

obscuration at 11 min . , .*..
.9min - ..'

.1 * * - ; . i . , . . -a . . ............................................ ij'i

;Preliminary_.Cabinet Test *5 (PCT *5) was., conducted with ,.i
4 unqualified cable as the. fuel with a loadingjof -1.5 x 106 kJ r

: .(1.42 x 106 Btu). -A--complete description of- the test vari- -
ables and a .timeline showing the. hi'ghlights 'of the tests are
*provided in' Figure.31. 'A significantly larger fuel' load '

> than that used in previous.tests was used in PCT #5 because
the floor.-area of the benchboard cabinets was approximately

. :^'.'':50.-percent. higher..than :that in the vertical cabinets. Con-.-''..>
sequent'ly, the fuel :'loading was --increased go-that the fuel
loading per cabinet;fl6or area was the same'as that used in
PCT'#2 and #3.. The different cabinet geometry'resulted in a
higher percentage of cables located near the-ignition sourc'e,
*.as can be seen in Figure 32a. It should also be noted that, '
although'it cannot be seen in Figure 32a, a .large amount of .-

-.- fuel was'loaded' under the: bench. A different manufacturer's -

s 'r ; ;. . - ... ' '.
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CABI NET VENTI LATION METHOD.' ONE BOTTOM FRONT GRILL, OPEN BACK DOOR-

. ...... -CABLE TYPE: UNQUALIFIED CABLE (PEIPVC)

IN SITU-FUEL LOADING:- 1.519 j 106 kJ (1.44 x 106 Btu)

I .

I3

"S

. - -*- -- -- .7.I11X 106 kJ/M
2 

(6.26 x 10
5 

Btulft2)

IGNITION SOURCEr::EL TRCLIN IO APPARATUS

. I
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(although the same composition, PE/P.VC) cable. was used in-
m-S .:"this test because the supply of the previous unqualified

cable was exhausted. As;can be seen in the photograph in *-n
F '-3. Figure 32,-a front ventilation grill and an open back door ' e

.. provided ventilation to the cabinet. The., photographs in ,'" i
. Figure 32' were taken through the open* back -cabinet door. '

Ignition of the in situ,-fuel in PCT #5 was provided by the
electrical init.iation.apparatus described in Section'2.2.

Ignition of the fire occurred 15.33 minutes after the elec- '
trical initiation apparatus was turned on and occurred at a
power of .l-165 watts.: All the subsequent figures for PCT #5 , i
* i which plots of the data arc shown include the 15.33 min- 7.

utes prior, to ignition .of the cables.; Figure 32 shows a
hotoqraphic sequence of this test, Figure 32b was taken at

, 4.6-6miLnutes after ignition (19.6 minutes after the electri-
i t Initiation device was turned: on),. and Figure 32c was

';,'taken 10.l minutes after ignition (26.3 minutes after test
il -' etart). Aithough the photographs do not show itbEdc'ause of

a light shining into the cabinet and the close range at
which the pictures were taken, the ..smoke obscured the view... ; 'IL

., ..of the cabinets from the: front within 9 minutes after the'
ignitLon of-the-fuel. . - :

-*In order to illustrate the resulting thermal. environment ..

that was produced by-the the fire, a number of plots of -the ...
temperature in the burning cabinet, cabinet A,- are shown in n, :
Figure 33. These thermocouples. TCs 89, 90! and 91, were ' 1 '2'
located in the center of..:c'abinet A at 0.61.. 1.22. and 1.83 m , ,.,

< (2. 4. and 6 ft).above .the floor, respectively. As expected
the temperatures at TC 91 are higher because of the air flow
pattern i -:the cabinet 'and, because the soffit of 'the cabinet

- door' which"'results in a "hot layer- _ip.the top of the cabi- .
-- net., resulting in higher temperatures. This "hot layer" was

' --- 1.22 m (4 ft) deep at the time of maximum HRR.. It.appears '.

.''that. there was burning in. the 'top part of the cabinet .and
flanie; .outsid~e the cabinet were visible.in some of the video
replay; however, this observation is not conclusive because .

the. temperatures of the combustion gases coming out of the .. ',

cabinet -are so 'high. The temperatures inside, and 6n the
walls of cabinet.B and 'the-.enclosure temperature are shown '" .

in.'iFigute :34. The adjacent . cabinet wall'. temperatures
(insidej -reached almost. 3000 C while temperatures between the ,.

'-, two-' cabi'nets were over . 400 0 C. Also the adjacent cabinet
''Cnter air temperature peaked at 100CC 30 minutes after the

start. of the test' (15 minutes after ignition). The thermal ' .
,,e.p,..,,'environment in'the enclosure as monitored. by TC 47 shows peak

:'-'temperatures of 2350C at 12 minutes. after ignition of the
,' .fire, which was when.the fire was burning most intensely.

The FIRR for PCT #5 is shown in Figure 35 a dng with a plot
of the total heat released. This figure shows,.a peak HRR of
784 kWs. The 'HRR climbed very quickly up to the peak and'

.; . . ..
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Figure 35. Heat Release Rate and' Total Heat Released From
.. . , .. . PCT #5

::'.then ,dropped of, quickly, indicating that the 'fire" burned.
qke.-y'intensely, for; a short duration. Unfortunately, the''mais,-data: was lost .;during this test due to overheating of

.:, .the load cells. '_Consequently. the mass loss-rate and total-
mans lost are not known. However. using the HRR--to .calcu-
'lat e the peak mass 1los tate, a peak mass loss rate of ap-
proximately 1.52 kg/min (0.689i lb/min). occurred. The fire. .growth rate during the first .10 minutes after ignition .wad
.7..9 kW/min. which is lower. than that observed in - PCT'.#2.
'The .t'otal he'at released. .during this test -based' on HRR . isri:. .'7.4 X.105 kJ:(6.066 x.105 Btu) which is less than.50 percent . .iiofthe fuel's potential;.heat of combustion. This percentage.
bf combustion is, less than was experienced for. all 'the other

* tests with unqualif led cable which appears 'odd because ° of
the intense burning.q and, because a posttest inspection., as
shown in Figure '33d,: revealed that all the cable insulation .A . '1 .bappeared to urned.. "At "approximately the-same time-as
the HRR' and .:.temperatures peaked out in the test., 30 minutesape ed -to ave t Aobutiapoiaelo*smetm aafter the start. the combustion gases also reached a maxi- .. ,.. )
mum, with values for 'hydrocarbons, 7COqnd CO2 of 6000 m, ' .'6000 ppm andO0.7 percent by volume, respec tvely. . .

It is difficult to determine what effects each-of'the changes
- in '.the . .setup .(e.g. .cabinet style, ignition source, fuel
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... amount. and-conl iguratin) -hadin-cauGing the different HRB

.. (a 'compared to PCT #2). the lbwer" than ,sual percentage of .,-

fuel combusted, and the short burn duration. However. t

cabinet style had -a significant effect because of the venti- , .

'lation flow path (ventilation from both the..front-and back) .f, e i

--'the larger total amouhti'of fuel in the cabinet and near the*

ignition source., and the soffit over the back door which

.-''"--kept'--the:'hot combustion gases in the' cabinet. Rather.. than

- the: "hot..layer" in the cabinet enhancing combustion in the ,

, '.'.-cabinet., because of higher temperaturesi it appearsthat it'

7"limited combustion due to a lack of oxygen, resulting in a .

t Z.-ower amount of total heat rel.eased. The ignition source -

U see'med to have little effect in changing the way the fice

eveloped; it 'still ignited: and propagated quickly aa it

would have with the transient'.ignition 
source.. However,:.withtii

? the electrical ignition source there was a lengthy heat up..

;period, and smoke was visible. for approximately four minute.;:-?

before:ignition. ' . . . 'C..

The manner in which the fire in PCT W5. burned, is shown in .'..

- Figure 36. . The: fire spread from the ignition source (just. ..

- . behind the "'ench) upward into the cables in the top part of

the cabinet first, probably because of the. hot combustion

gases. Temperature measurements show that the 
top four feet .:

of the, cabinet were. above autoignition'. temperature for-'4. j-i
unqualified cable [.161 and some of the cables in the upper .

parts-of the cabinet probably did 
autoignite.

* . : -I '1 - ."p '. ;1'

2.44

;,.'.~~~~ .' .1'.2 /* '*J"... f

. ~ ~'j.JIGNITION

.. 0

'Figure 36. Burn Pattern for PCT 5 -.I
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The thermal environment 'in the top:of the enclosure and. in.
;!the adjacent cabinets wa.s severe enough to cause melting 1n
some plastics. - -However, the one component that did'fail in
this test failed as a result of a large deposit of soot, not
melting..[151 In addition, cable bundles located in, the
.adjacent cabinet and the outside-of . the barriers (which.-,
experienced- temperatures of >3000C) did.show signs of melt-..
ing.. although there were no signs of possible autoignition ,'
in the. cables' :The cables were checked after the test, and
'..'.although -the, insulators had melted together, there was no
shorting of-. the conductors. This test demonstrated that a.
fire with unqualified ca6le in the configuration tested in a.,..
'be.nchboard-styl'e cabinet Could be ignited with an electrical. ,-
,-igniition source and propagate, quickly throughout a cabinet ..

..Fuzthermore. the fire can result in a severe' (eg.. thermal''.., .
and'. smoky) .environment .in. the.:enclosure and adjacent 'cabi-. .-..(.

Kne:s-that ciould cause additional'problems. .
t8N-t.. .-3 ;- aS o -'.- . *. I- .-

i'or. Ze " Evein though. previous tests (ST #6 through 9 and PCT #3)':had
demonstrated that qualified cable (XPE/XPE) in a vertical

. :; cal)inet would not propagate a fire. PCT #6 was conducted to
investigate if a different type of qualified cable (HYP/XPE) -:-

'! .'would. propagate a fire in a benchboard cabinet. The standard .-..:-
transient ignition source described in Section 2.2 was used
along with 1.57 x 106 kJ (1.49 x 106 Btu) of in situ fuel..
.Th test setup was very similar to PCT #5. although a.

;.' differxent number. of cable bundles were used because of the
,different cable "weights. A complete description of PCT #6 .41
anid a timeline describing the highlights of the test are

-,1given in Figure 37-- A picture of the fuel loading is showtn
in Figure 38a: as with PTC .5. the pictures were taken from
the back of the cabinet..'

The photographic sequence of the test is also shown in
' . ..Fggure 38b and c-taken-at 12 and 51 minutes, respectively.

Smoke began .'to obscure 'the view- of-- the.. cabinets from the.-
front of.the enclosure.'within 30 minutes after ignition. -in.
Figure.39. plots of air temperature measurements taken in
cabinet A,- the 'burning cabinet, are provided for TCs 17, 89,.
:90, and 91,. which were located on the insideceiling, and at
:. :' 0.6.I.- 122. and 1.83 m (2. 4. and- 6 ft) from the floor,. ij,.

ki respectively ' It is- obvious from the plots that the upper.
-part :of.the 'cabinet.ie hotter, due to the rising hot combus- ' .. -

t ion 7gases. that are kept: in by the' door so fit. However,--
.the--temperatures were not as high as those experienced in.m *PCT.'45 (see. Figure 33.)' -although the temperatures. in

--- A. .PCT #6.. at. the ceiling-'(this was not shown in-Figure 33) and I
1-.8:3 m -C6 it) up were almost as high (TC 91, 7000C). It was 2
.-not obvious :from, the video if there was burning in te' -top

art of the cabinet: it' appears that the temperatures were
i high enough to aid- the fire in .spreading by heating 'the ,- -

cables in~the top part: ofthe cabinet, and possibly .causing.
autoi-gnition..-Figure 38d 'shows the cabinet after--the fire.

'" . -58-.
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. ' , >-> '!, ABINET TYPE AND SZ:BNHOR AIE 1.22 x: 1.82 x 2.44 m (4 x 6 x 8ft) : ..

, .CAINTVN~LAIO ME HO:CABINETVENTILATION.. MNEETHODFRNTGRLL:OEN8A PENR. :; ; ; BA
; ; ; ~~CABLE TYPE:,. IEEE-383 QUALIFIED CABLE (HYP/XPE). .;...l

w .... ,. : ... . .N SITU FUEL LOADING: 1.551. x'106 kJ (1.470 x 106'Blu),.i : ' R ! ~~~~~~~~7.26 x 106 kj/M2 (6.390 x 105 BtU/ft2) ::........................
... .: .. . -. . IGNITION SOURCE:' PLASTIC BUCKET, BOX KIMWIPES, 0.946 t ACETONE,: . . ~~~~72,220 kJ (68,450 Btu).. - .:.t.
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., .... .e............ .. . . _. _ .... , Nt .. t :..._:

'4.....4 .0t, 40 qi

° 0i20 3 ,.. 40 '

: ~~~~~TIME (min).. . .;- :- '
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-Figure 39. Temperatures in Cabinet.A., the Burning Cabinet i
Note that the fire only burned the cables 1.22 m..(4 ft) and

,: up.:and..the two.bundles closest to the door were not burned... '

Plots of the temperatures inside the adjacent cabinet and
-...'e..-nclosure are shown 'in Figure 40. It is interesting to. note

that' TCs'.l9 and 20, 1.22 m (4 ft) and 1.83 m (6 ft), respec-- ..

-..tively. on the inside of the adjacent cabinet wall have the .
same.pattern as the: air temperatures in cabinet A. indicat-
* , ing there was little.burning in the lower part of cabinetA.

-A -The .air. temperature . inside cabinet B as measured by TC #93
-. shows--a apeak temperature of 300 C-(the- ambient'temperature at
-,the start of this test was 15°C). while the peak enclosure

air temperature.was 35°C. . .

-The *HRR as. calculated using oxygen consumption calorimetry.
shown in: Figure 41, reached a peak of 215 kW. at 15 minutes , .. *

.-,-after ignition. .This HRR is significantly higher than that.
1-; : -in.,any other qualified ,cable cabinet fire because the fire.

'-..',spread .throughout the top part of the cabinet. The total
<r 9 > eat released is also shown in Figure 41, with a* total *of
' .2.'38. x.105 kJ (2.25..x Btu) of .heat released. This

i only.-L..peecent of' the calculated total fuel potential..i fuoly were.co.utd hihi 43percent of th0 ul
,haat 'of combustion, while the mass loss data showed that

(8.94.kg (63;67-lbs) of. the total of 53.28 kg *l17.2"lbse.)
. ,'.'of fuel'were .combusted, which is 54.3 percent of the fuel. .' .

The reason for the discrepancy could be that. the heat of..''r.
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. ..combustion h.values selected to calculate the in: situ fuel- *:.*

loading were too high, in which case the fuel loading in the
f cabinet was not as high as originally thought. Thezmeasure- ,.

'-+w.G*w ment-.:of the' combustion gases was not completed diid'.'t6 -
6mgi:4 k ems~with nte gaes.'dienalyzer.' ' prob r

4~"- V t1'-Z. ;,a '

This-'test demonstrated that for this type of qualified cable
in the test. configuration, a fire can spread throughout a

hi single- benchboard cabinet, although . the adjacent cabinets ' ' 4

it and the enclosure were not threatened by the fire, except ..-.
for the smoke. ' -

3.3'. -Summary'of.Results ' ' ,. ;

- . > .total of six Preliminary, Cabinet Fire Tests were conducted
as part of..*this test program to investigate the.way an inter-:.

, nally 'ignited cabinet fire will ignite and develop and its
effect on adjacent cabinets and the enclosure. A'summary of .. '
the .results from thes'e six'tests is provided in Table 7. In -I.n. X

.'. all the tests; with unqualified cable, the fire was easily'
ignited and. propagated. ftowever. with the qualified cable

- the fire's were difficult to ignite and, except for the fire
in the benchboard cabinet (PCT #6),-the:,fires-di'd not propa-
gate. The one fire using the electrical initiation apparatus .,.

showed that acabinet containing unqualifi'ed: cable could be
ignited by electrical overheating of.a cable.. In'PCT *2 and.

.:..#5 the enclosure temperatures were high enough to cause
damage to' cables or' components located near . the ceiling. . . ,;@.,
while -it appears. temperatures in the adjacent' cabinets were :

* never:.high enough to cause problems... In all the tests, smoke
buildup in the enclosure was an obvious problem. 'A discus-' '%'e' ...1. g'

' -.:sio.-nand-i nterpretation.of, the cabinet fire test results is . l
; provided.-in the- following section.

-.>s;,f .- .: -,r.. * . l

4j8? Z.4 i;INTERPRETATION OF TEST RESULTS . . . *. i
S57 . -, .'. .**.;. ;.y

4.1 .-Ignition of a Cabinet Fire

As stated at the beginning of this report, it 'was not the
-d' goal of the test program to evaluate if-the ignition sources d...
chosen to be used in the test program were cre'dib'le. although'..>
through surveys and background studies. they are'as credible
as.possible. Rather.' it was to. investigate if. the selected
ignition--sources. were capable of igniting *a.. cabinet fire., -
In this test'program only~ore transient' and one electrical blh
ignition source- wer.e tested. The three series of ..tests,'.Screening,' Scoping. and Preliminary. Cabinet Tests, demon-

..strated that ignition of the cabinet fire. is dependent' on
-three variables: ,(1) ignition fuel type, intensity and' I
location. (2)iin situ. fuel type, and (3) in situ fuel geom-
etry. Other test variables do not appear to play a signifi .
cant.part ! .. -; - . .-.

, -63 - .. ;,e
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The transient. ignition -source fuel .tested was capable .dof
igniting either type of in situ fuel,- .qualifled or unquali-.-

- fled cable. however, *a "critical" . (i.e., combination'. 'of
a-parameters* that makes u a.---configuration that will burni) KPB$

in situ. fuel geometry was necessary. to ignite and propagate
the fire in.the.cable bundle (ST 04 And S). Furthermore, it .

appears that- a -critical ignition source amount ai necessary, .' ',:
especially when igniting qualified cable. A slightly smaller -. ;'.il

-`-transient, 'ignition source. was not sufficient to ignite and-
prop'agate a fire ini the. qualified cable (ST #1, 2, and '3),-
although it.: probably would have been sufficient to ignite
unqualified cable. -'

,.;,'.The--electrica~l ignition 'source employed in .these tests was ';e
only used to. ignite a fire in-unqualified-cable, PCT #5. It.. ; ji
,.. -has been tested with qualified cable and appears capable-of -

igniting and propagating a fire in..: qualified cable.l10 -.

However, the capability of the electrical 'ignition source to'
ignite and propagate a cable fire in an a.ctual test has not
been.demonstrated. .The:,arrangement of the electrical -igni--
tion' apparatus, as welL the geometry. of the in situ fu'el
were found critical tb the ability of the electrical

' :.-;*:,.ignition source to ignite and propagate a fire.

.-edless to say. the Location of the ignition source is jit
Icritical *to the ignition of a fire as it must be near the
i-n'situ "fuel and impinge .upon the fuel for- long enough to
allow the fire-to propagate. In these tests the'ignition.
''sources 'were placed in a corner or along a wall, which make
the fire more intense -(corner eff.ects) than it would if.. it:.
was in the center -of a cabinet. .. , ,.. , .

The -second important variable in the -ignition of' a cabinet
fire is the in situ fuel' type. In this test program all
in situ fuels were represented by cable insulation, primar- 4'. I
ily becaue -cables make up the bulk of the :in situ .fuels.

- Three types of cable were tested, two qualified; an .XRE/XPE.
.'and an .HYP/XPE. *and one l-unqualified PE/PVC. These tests ,.'
(and- other previous': tests [17) have shown that quailifi'ed.>
cable is difficult tO ignite and keep burning even under 'the .1f:
:'.:zoptimal buniing. conditionu. Direct flame impingement for a
re-latively-long 'duration (ten minutes4.is necessary to ignite.;,i
and propagate. a r in ,ualified cabl. whle unqualified

""cable is .re'latively 'asily; ignited and wil' propagate a- fre. ' .' -.

si .: ,; .- ... 1 .-
In situ fuel,.;geometr'y is the third -variable. affecting. the
ignition-of a cabinet,£ire. This variable is very critical ,.
because if the In'si'tu fuel is not in a "critical" geometry..
the. 'fuel may burl- for a short time, -'but the 'fire will -not
.propagate (ST *1 and'"2).: A'cable bundle .n a -horizonatal>'.' - ' ; 9j
.conf iguration is.muchjess. likely to propagate a :fire, even

"i£f -it; ignited',..''than a vertica.l'':'cable bundle, particularly--
.with-.qualifled cabl&. Furthermore, as some' of-.the earlier - ,:.

,r ;Scoping Tests showed (ST .3), the cable bundles that were , , .

.- i ,'. - - . . . .;.,... ... - i; ;. - -' - -. | .. .6.. . ;.ilij
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-wrapped very.tightly and wire tied every 0.30 m (1 ft) were
v. :,iieryz- difficult to ignite again particularl ied.
-cable . because..the flames and air could not. get to the inside_

a A ubl e.. Thor e fore, the fire would not propagIce. In addi-.
>;.. -;i.,rtion;.stripped'cables..were used in the area near the ignition

,-,'6Durce,- because the smaller single conductors with insulation-
.wereeasier to ignite and acted much like tinder- would.-be, in
a wood fire in helping the fire to' become larger. Stripped.'.'.

14K ' calbles, however, are not uncommon in control cabinets.

Consequently, the tests revealed that there were three vari-
. -ailes' critical to the ignition of a cabinet. f ire, and that ' .
..for'the particular ignition sources, in situ fuel types and
:'geometries, .'that'cabinet fires can be ignited. and propagated.
However., no measure can be made or g.iven that-will'assist in
determining if a particular ignition source, in situ fuel, or l
fuel geometry is susceptible to a cabinet fire. All "that can
:, be said is that given the right conditions' (i.e., sufficient N,'-
ignition source.' loose cable bundles, 'etc..),. a fire can be

sj ' ignited -in a cabinet. It is the judgment of some people. at
Sandia, 'familiar with nuclear power plant cabinet installa-.--
tions, that the "right conditions" Cr-orZgnition used in this
test program do 'not vary widely from. many, of tho'se found in
actual pbwer.plant' installations.

.4.2 Propagation of a-Cabinet Fire

4.2.1 Rate of Development . .- . . . . ., -

-' '
In evaluating the results of these tests, it 'appears that. al
'th variables. investigated have.,some- effect on the develop- '<-.

..' meant rate of the'cabiretfire, although some.variables (e.g.. ,'.,:
-'..'-the :ignition source) have-a-much less:significant.impact on

-.rate of -development.' In situ fuel .type, amount, . and'. .
; 'Colnf iguration-are large factors in the development rate. In
.addition, cabinet geometry appears 'to play a significant

.LLe in the fire development.

Often more *than one variable was changed.Jtrom test to test ii
thus making it difficult, to determine 'what- effect, each of,:
the variable changes. had. on the development rate .of..,''the'.
fire.., Even though; the;electrical ignition .apparatus was.
' I ''uonly- sed 'in, one -. test, 'it does not 'appear that ' for the'.

ign.ition. source6s' tested that.they have a significant effect
on the rate of deve-lopm nt;(after the fire is ignited). '

.I n' situ fuel type obviously has`-a large effect on the 'deve: .I '
7..:, - opmnent .rate because- qualified' cable is made to be flame

resistant and .has passed IEEE-383 qualification tests, while
...unqualified' 'cable has, not passed IEEE-383 qualification

tests --A. measure' of.the rate of development is the deriv-
ative of the heat release rate. 'This i's' essentially the'

5 acceleration of the fire, but it is an indication of the'
growth rate of *the fire.. The growth rate during the growing

- 6 --



stage of the fire for -PCT-*2 (vertical, cabinet, unqualified
cable) and #3 (vertical cabinet. qualified- cable) are .'
:128 kW/min and. 5.6 kW/min, respectively,., while they. are
71.9 kW/min "and '16.5 kW/Mrin for PCT *5 (benchboard cabinet, .. ... ..
unqualified-cable) and PCT #6 (benchboard cabinet, qualified
cable), respectively. These growth rates show, ignoring
other factors, that the'fire with'unqualified cable develops

'"'many times 'faster than a; fire in qualified cable. In situ
X .:fuel amount is important to the,'development' rate of the fire.

.,-simply -because with higher' loadings, additional fuel is . :
"'available and, for a given cabinet, fuel loadings are more .

dense to' combust and therefore the fire can grow quicker and
A' larger. The fuel amount was increased in PCT #2. (over' that
i .:.used in PCT #1); however, since the fuel configuration and -. '

cabinet ventilation were-also changed, it. is difficult to
--determine-what part the increased fuel loading had in making
the fire in PCT:#2 develop so quickly. '-Fuel' configuration
is. critical to the development rate of the fire, especially iN
with qualified cable, because a..fire will propagate up 'a
: vertical-cable much quicker than 'a horizontal cable. There-..
fore, the more cables that are in a vertical or diagonal .'

- ': configuration, the more likelihood that the fire will spre'ad.
;. Furthermore, the 'in. which the cables are bundled is
important to the development rate. The tighter. a :cable.-:

',-_.bundle is wrapped.: the less air and flames can penetrate and
burn the cables, and the: 6lower the fire development rate

r->i will be. -Also, in these tests, many of the insulators were
-stripped out. of the cable, resulting in "tinder" for the .;-

fire to burn. This type of cable--configurat-ion is 'common in 'j
actual 'installations'. !

Cabinet geometry, more specifically the style of cabinet,
had a significant. impact on the rate of development of the
fire, the potential. for 'the fire to spread and ultimately,
-the 'size-..of the.' fire. '. There are two differences in the.
geometries. between. benchboard and vertical 'cabinets that.
affect. the.fire development. They are the location, of ..'the
Ventilation 'and the size of the door soffit..:. On the verti-.

.t'v.- vC Cal"cabinet's,.1.all the 'ventilation was provided from the I.
front.' while with the' benchboard cabinets,:.the ventilation
Was provided: by the back door and by a ventilation grill in'

:'.";the front of the cabinet.; Consequently. if. a large---enough.- .;
fire developed, the benchboard cabinet could provide' more
ventilation; but more importantly. the. front grill on the.
benchboard. cabinet provides cooling .air to the cables under.
thfe' bench:which could prevent burning. . Also, cabinets with'
'closed doors and'.ventilation grills or no ventilation grills
can have a fire that will develop quickly up to'a point, then

.';fv- .tefire wilbeoeoxyen controlled and will no longer ' 'i§!
grow as i'n" PCT *1. The door soffit is important because the
temperature in -the top part of the cabinet,, the .hot smoke ; 3
'layer that develops 'in the cabinet, ..appears .to be' dependent
.n the size of the door soffit.. The vertical cabinets had'a a
very small soffit; therefore, only a small smoke layer formed

; | : . , ~~~~~- 6 7 --_ ............ .;; i:;
ii , *-- * ' ; .', 1



* . -.-.. ; - - : -. .

in the cabinet. In the benchboard cabinet. 'the soffit was', V4
fairly substantial and a deep hot smoke layer formed in the
cabinet which provide's' radiative feedback to the in sit u. M.< '

,'fuel. in the cabinet, thereby possibiy-increasing the rate ofP,,<4 4V
41. :.' 'development: although the smoke layer -also can slow the .-.,..-
, development rate (PCT # by reducing the' oxygen content in
;.the upper part of the'. cabinet. However, the fire growth -

Zd^ .. rates f~or PCT #2 (vertical cabinet-) and PCT #5- (benchboarl ,...,,A,
.. '.:'cabinet) 'do not bear this out as they are essentially th~e :;:.-;g

.-same. 'This could bebecausethe vertical cabinet was 25 per- -
,cent smaller.' than the benchboard cabinet. thus providin,

Bl>' ;-,-addifibnal radiative.feedback and higher t emprtrsi hi i'wmtemperatures In the
vertical-cabinet. . . i.

The development rate of: the fire is dependent. on so many o:E.
;* -' ..>.tie. variables- investigated that it *is. impossible to selectiL.t

onie, or two factors as critical to the rate of development.-
The tests-have demonstrated, however, that given a-sufficieni:

-:' ignition source and a "critical" cable amount-and configura.-.. i
t~ion. that a fire can. rapidly propagate throughout either a
vertical or benchboard style:. cabinet. Specifically, the
tests conducted in this program- have, shown that-. -a fire.
ignited with either.'.source, in either style, of cabinet, and L

,.. with unqualified cable, can result- in a rapidly developing'
-and large fire. While fires with qualified cable can de--
velop rapidly up to.a point (PCT #6). they will-not grow at;
rapidly nor as' large, as fires with unqualified' cable.' , -

Another conclusion thatican be made about the growth of the.. b
fire is: that closed cabinet doors can prevent the fire (Up ace-

I to a point) -from growing t-oo large. However, this does;
:j. } ;iresult in..higher temperatures within the. closed cabinet.,. -

3which. may .-.-result in- ."flashing" should the cabinet doors be,
opened. - . : 7~-z. . , .

A few of the regulations specified in IEEE-384 can have-an
, ,,. effect -on minimizing the development-rate -of the'.fire. (e6g. '

-barriers between cabinets, "canning components," and tying
cable bundles at specific intervals), while other regulations'-
specified (erg... 6-Jinch air space) do little to impede. or..
slow, the develop Ment rate of the.fire. .*- :. -

,''4.'2.2( Fire.SprOead (utside the Burning Cabinet)

..The: potential for the- fire to spread within the burning
;'..',cabinet isdependent on the growth rate of the fire and the '. Ej

va riables discussed. in the previous section. However, the
potential for the fire to- spread outside the burning cabinet

' ,i s dependent on other vatiables as well as.the fire growth
rate .and 'the variables discussed above..

.~~ .-- .,.., ..

Fiti spread to an adjacent cabinet is very dependent on.the .-

location of. .the adjacent -cabinet and on the barrier(s) ' . ,
between-* the cabinets. All the -tests in this series were
conduitedwith double walls (a wall for each cabinet) and an :

'- 'i- I- . ' * -6 - 2 '- - -

-'1 2 - X- .. . ''- -,: -. .. . -



.,- air-.-. gap -2.(54 cm [1 inch]) between -the cabinets. ..Actual .-.
nuclear -power plant.. applications, where there are no walls
(barriers) between cabinets, partial walls,. or single walls l
as well as double walls, could result in very different situ- ' -
ations.- Also, the location of the adjacent cabinet (e.g. on . %
the side or behind the burning cabinet) could also affect
the potential for the adjacent cabinet in situ fuels to be
ignited .because of its- proximity .and the way it receives so_ .

A'.;!-heat. .-'|''W^

.. Thetests: in this series, with double walls, .showed that.the
:-'. air temperature inside :the ad jacent_cqabi'nets. -even in the ';-'.

-largest fires (PCT #2 and #5), never got'high enough to auto-
* ignite cables or components, although the adjacent cabinet

wall did get.hot enough to melt some.cables. An analysis of
the situation.demonstrated that if the cabinets had shared a
common wall (in the larger test fires), that th.e adjacent
cabinet wall temperatures could have been high enough (6000C)
to. cause autoignition of cables on the walls even-though the-.'i.

-a air temperature- in the adjacent cabinet would. not- have been ;'
-. -. very, high... It should be..noted that even if the cabinet wall'i

was high enough to result in autoignition, in situ fuel would..
'have to be located on the wall to spread the fire from the . -

-- -rburning cabinet to an adjacent cabinet., In- addition, tests .
conducted with partial barriers in the cabinet showed that . N

.-- ' ' .. the barriers do little to prevent the spread of the fire . '
-: (with unqualified cable).. . .

-However. one of the regulations specified in IEEE-384 will.'
aid in preventing' the fire from- spreadinr from cabinet to. . :
cabinet by autoignition of materials on the -cabinet wall.-
The regulation specifies that terminal blocks and wire ways.
.Are.t.o-be mounted at 2.54 cm (1 inch) from a barrier.. . .

The likelihood for one of the cabinet fires tested to spread .
A outside the cabinet -to -somewhere in the upper part of the

room (e.g., a cable tray) is small. In none'of the cabinet.: 4
: fire tests that were -conducted was there any burning outside
-the cabinet more than half- a.-meter (PCT #5)i It. should be

'.-.-*- noted that-all.the cabinets tested had solid metal tops with -

*o ;: no-penetrations. Cabinets with open tops- or large penetra- -
tions could result in propagation -above the-cabinet,'part-icu- .- ' -i
larly'for unqualified cables. Furthermore, the temperatures
in 'the -upper part of the enclosure were never higher than. A1
235°C and that- was- in. one .of the largest fires (PCT *5).' A
similar fire in actual- power plant rooms containing similar ' .
cabinets would- probably be even less likely to- propagate
.because--of -the larger- room size. Therefore,-.in these tests :

. there "is no possibility for any-materials in the "hot layer -
" .to- autoignite.. Also, the -enclosure in. which these tests were

4C 6 t cbnducted is smaller than most nuclear power plant rooms and -

_iq t -.e-temp rature.in'these-tests was never even close to.flash- -.

over temperature (6000C. !

!5!X!Bx;- - -69- - -- -
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4. ' a n ial for;W ,on.i,,;<*<e . :..:ft !
'Consequently, although there is apotential for one of the V z

larger fires to spread, from cabinet.! to cabinet given a
V!.tc :.'.cciticall configuration, for the configuration and cond -d

ition tested, it was not .a problem. Furthermore, for fires
of the size tested, there is little possibility of the fire.
a sp.:eading. to the room.. -

4.3 Development of the Enclosure Environment .. .tr.

'.. Theo-.effects:? of. the fire nn the enclosure environment that'
.were.considered in this. test program.were the thermal effec'ts .
and. the smoke effects. The thermal environment was moni.,
' toced while the siiibke environment was only.visually observed-
(an attempt was made. to measure smoke density with a smoke'
turbidimeter, but was unsuccessful because of the large
amount '.'of soot). All the- variables that have been previ-e
ously discussed have ad effect on how the enclosure environ-.
menit.. develops. :In. addition,. the enclosure size, geometry -
an( vehtilation rate are ,factors- in- the- development of *the ';
enclosure environment.: However, none- of the three factors

sit 2just mentioned. were varied in this series of tests although
::_' they were varied in. the subsequent test series (Room Effects

.,Tests).[14] ' ' '

-Forthe -variables and configurations that were investigated ,
-in :-this Ltest. series, the" cabinet fires never resulted in 'a
..thrmal environent that as.a potential hazard for.autoigni- -

:..'tiofn of-materials i'n the; enclosure. In many of the tests,,'
albles. and -compbnents. were located throughout the enclo-

..su edLis5- Only in "the case where a component was hung in
;the hot combustion gases :above the cabinets -or exiting. the
enclosur'e did ..a' component become damaged (from melting)..
Alt:hough, .as. previously mentioned in PCT 45 (unqualified

icable) some . of the t cables utside..the burning cabinet..:ed ind
l: show signs of. melting' (with no shorting lof conductors)..'': ',,L

!':' 'Mol:eov~e'r ins the two tests (PCT #2 and #5) that: r'esu'lted .in'''' Gi
.large fires,'-the, high temperatures. only stayed above 2000C

for -a: few minutes. ,As no~ted before, the test enclosure was . .. 'I1
esmaller. than most rooms.%of concern in nuclear power plants.
Furthermore, the vettilation rate in-these' tests was approxi-'
mately 15 room cha~nges :per hour (rm ch/hr)..which is higher.
than would be found in most nuclear power plants. It-appears .
that' this 'higher ventilation- rate would tend to push the
smoke.and heat out of the test enclosure.. . , . '..

The 'smoke 'enVironment -in; the enclosure was:; only vistaily ' ,.
m monitored' in: the tests;: however, it wag-.-obvious, In all.the

' -- tests with unqualified and qualified cabl. '.that'.the .en'6l'o--:
sure became filled. with: smoke within 8 to Wmintutesa fter .
ignition of. .the cabinet fire; It should aso.. benoted that
because of the high ventilation rate in the 'enclosure .the
-smoke was. pushed 'out relatively quicky. Yet, the'smoke
:. st II" filled the enclos'ire. Although there. is.no quantita ' , ''
tive data on the density 'and develo'pment of'the smoke layer

;'70- .
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|(thereis In the subsequent test series (14]). it is obvious
* that. smoke can quickly obscure the location.of the cabinets,'

and' the fire., making any operation very difficult.
addition. in, one of the testy, sufficient. smoke accumulated
in'. the enclosure to cause one of the components in the

;,wii, ';i -.:eenclosure to fail- ad: a result-of a large deposition of soot
on.:the component.f a . . . .

ConsequentlY. even in the relatively small test enclosure, ., :.
~:.!;. ¢*.81. the..tlfermal,:environment'in the enclosure from the resulting

i-nco'ncenn 'and is not a threat to other equip-
:ent. It .should be noted this statement is only about the .

f ji i!£ires tested. However, the smoke environment in--t-he...enclo- ...* .

sure can become' very .6evere within minutes, resulting in
problems with fire fighting and with. operator response..
These tests also demonstrate that even ventilation rates'
'above smoke-purge rate (typically about 10 rmch/hr) were not
sufficient-to prevent smoke accumulation.in the-enclosure.

:.. ,# 1b ;, ' . - :. ' i . .................... : 'l

-4.4 Equipment Damacle i
i~~ ~~ : -s' .. _.i

Many components and cables were locateddin adjacent cabinets
and in the enclosure to. investigate the potential for damage, ' .
e1 ! results of the component damage investigation were

reported by Jacobus (15] and therefore will not be discussed W
Ax .here.. "The--cables that: were placed on top of -and inside !of ','O

radace.t'cabinets ta:were p after the tests and in'onsly
.one of the cases was the cable found~to be melted (PCT #5).

_Howevet the caLle jacket was only slightly. melted and -the
* . the conductors were not shorted together. Therefore, in none

:of the. tests would there have been electrical shorting of. a
cable'outside-the burning cabinet. .

*. B -2*

.5. CONCLUSIONS AND RECOMMENDATIONS - , -,

As a': result .of the ithe. three series of tests conducted *as .* ,1'
pairt --of; this test program, .a number-of conclusions can be *.

,jtit51-' - made.-. The-conclusions that are. presented are related to the:.
areas--of concern that were--raised at the beginning of the

w§*- f-.-,-testo program. Those concerns were about the development.
rate of. the--fire, the development of the room'environment.,
and..the potential for the fire to spread outside the burning

,a,'sIl;d cabinet.- . |,;>

The conclusions areas follows: . : _. .., . . {. ' , - -

1. Cabinet fires can beignited and propagate in either -.

;>u - . unqualified or qualified cable with either of-the two. :' r:.
. ignt'ion sources- tested (transient -and. ..electrical).
However.' the qualified cable is much; more. difficult

. , . to ignite and-..propa'gate. ' ' .

. 2. It is. possible to have a rapidly developing cabinet
fire with' either type of cable as the in situ fuel

..- r..-7 l- _ j1
:-. -. ,- . -7-. - : . . .. . ;.I1~i~

'.- " it ' ' ' ; -'':.._',- Ilist*~~ ~~ ~~~ * *.- -L



4 ' . - and in either style. vertical or.benchboard. of' cabi- :*,;
net. . Although, fires with qualified cable do.,.'not
become very latge. . , '

. 3.'---Ignition, development rate, and spread of a cabinet.
"'f,,.,, .. -vire are dependent on "critical" .(i~e.. just Vt11e .,',-;"

, .right combination of vafiTbhes) ignition sources ;.b
in situ fuel, type. geometries,. ,and amounts.s and ofn'
cabinet style, and ventilation. These "critical It

-* Values are interdependent on many variables' arid
:;therefore no .'.critical" values can .be identified
'based on these tests; However, it was found that.
with unqualified cable, the range o'f values.causin.g .
ignition and fire spread was much, wider than wit h'"'.

- ... , . ' ,qualified cbl ' ' .: .b ' '.
. . . , , * -. !.., w j 4d p

A 4. :For the enclosute conditions tested (i.e.. enclosure'
| *Di size and ventilation rates), the thermal environment

in the enclosure produced by the fires was not severe
| enough to cause autoignition .of materials. but the " i'n

- thermal . environment may be severe enough to cause,''
equipment damage. Furthermore, it appears from thesi -'3,

9^;, '', ests that a firle will not spread from the burning . i
cabinet to adjacent cabinets. -However, under differ--.

i-'' .ent conditions (e.g., 'Single waff'.A~rger fires) <X.'''i.f;
F..; ' cabinet fire could cause autoignition'in an adjacent 1'.

so.".. . :; .cabinet and. -continue .to. propagate.. ..'A double wal.'! .-
.ier '.between- cabinets appears to play a crucial.

' rolein preventing cabinet-to-cabinet fire spread
during thela'rger cabinet fires."

.5.. For' the enclosure conditions tested, dense smoke
.accumulation in the room became a problem within min-

' - utes after ignition, for all fuel types and cabinet. -
mI:;;-. ..' conf igurations. . ., -

'Esseitially." the conclusion of 'the' cabinet fire tests is . . ..

that i:' cabinet fire can propagate within a. single cabinet:'
however, for the conditions tested, it does not appear that.:

-the! fire pOses-a threat outside the burning cabinet, except
o K t he resulting smoke. ; Although this- testleffort involved'

g -.;..;rea 'isti'd ranges of: 'parameters it must bei'recognized that.
M. ieen .t an fuel 'configur'ations may .result in somewhat

f nt indings!i In. addition, because of the influence
E :-..-::o£operatioh response and overall safety system. performance,. ... 5 i

6'llusions' rega'rding "'cabinet fires causing. difficulty -in'
|g-4 b m ihe..:abi ait -'.£t he:' p ant':to shut down cannot:be made solely :'' '

from the fire test data presented in this report.'

' lit should be noted that'in many of the. Scoping Tests and..all..
of the Preliminary 'Cabinet Tests 'the in sitt fuel loadings - ¼

' ,. (based on. loading per square. meter- of cabinet floor area).:.,
were higher than.that obtained in the background st.udy; This
'was 'because.:fuel.leadings in cabinets based on the background

I' . ' -' ~~72- ;48
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'study," -hnlae in the iaiet appeared light te.q., nota .. ,
. t lot ofcables in the cabinet.,'* -t,''l

>..Based on the findings of the, Cabinet Fite Test.-Program it s -

''a8 recommended that the effectiveness of the following should.4<. .

00 be-inves~tigated:,.. . .. "- .o

t-&tfiU ,,' 1-'De tection systems in cabinets:.

,;2. Automatic gaseous 'suppression systems both inside 'and . '

oi . outside cabinets; : .,

3 . Manual sup'pre'ssionlof cabinet fires; ..

m .i~4 Smokie 'control-and purge sy~stems:._............................

;,s.; 5. Potental for 'fire spread i n nondivided' cabinets: id _-

. ..6. Independence 'of.'remote shutdown capability. .- 8.

2i*@6 _-;@@@,';f

S~c . .. . ..... ; .. .... . . .. . .... . A z,,
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*A.1--Facility .-

X The Sandia Burn Pacility, located at .Sandia National tabora-
-! ..Ctoriesi Albuquerque.' NM has been used for a number.of test-X

.ptograms associated with the Fire- Protection Research. Pro- .-'.;
* -." gram. :This...was the facility to be used for the Preliminary

-Cabinet Tests. In Figures A-1 and 'A-2 schematic views and
pictures of the test enclosure are presented. Th'e 'Facility: .
iitself is. an earth-covered bunker: 15.24 m (50 ft) long. --.-,...

,' : 7.32 m (24: ft) wide, and 5.49 m.(18 ft).high in the center
-This bunker. has been partitioned into two enclosures, each;'
7;62 'M (25!f..f t) long.' The outer enclosure is..used to house....

a.ja variouls instrumentation and data conditioning equipment. ...-. I -4

- .. The burn enclosure has at floor area of 55.74.m 2.(600 ft2) and
volume of 272 m3 (9.'624 ft3 ). The burn enclosure has a sys-
temn of ducts which provide inlet ventilation air through -sev-

* eral vents located around the perimeter of.the chamber.''.The.+> .-
ventilation-air is forced from the' outer chamber (which is,

LIdiP . vented to the external: environment) and into the burn chamin-
ber. Thie' inlet ventilation rate for these tests was approxi- -;.
'- ately 70.79 m3 /min (2.500 ft3 /minr)or. the equivalent of 15 ' -

room air changes per. hour. The burn chamber operates under a -Z,
sl'ight -.positive pressure during tests. .Combustion pfroducts
and through-flow. air are vented out from the burn. chamber -

-through 'an opening in the top center of the burn chamber.
This 'opening is connected to a 0.46-m (18-inch) diameter hor . ,.

. izontal stack which houses instrumentation for analysis of
the exhaust gases. Six windows with lights provide lighting- - - 4
..and there is' a port' for a video recorder. ' .

:>: -. :.A..2--2nstrumentatioin -.: ' .: ' : .''-~''

-A wide 'variety of instrijinentation. was used for measuring 3..41
.:2'-I':temperatures. heat'; fluxes, pressure losses. gas analysis,

and heat release rates. The instrumentation is monitored by
m anc.HP3497A data acquisition unit and an HP216 computeric

a .. .system capable ofa uhandling up to channels. Typically
., during. these tests data: was' taken ,at 20 second intervals.. 4i-,
'The. following instrumentation was employed--in the testing.-

.Heat xrelease rates (HRR) were measured indirectly through..'.
..sooxygen consumption calorimetry.' This system for mea-

suring. oxygen, temperature, and velocity of. the effluents
':was incorporated into the exhaust duct of the facility; The
"..:Jcocntaino 6ygdfi in the exhaus't..a a monitored a;

through a Beckman model 755 paramagnetic gas analyzer.. yen-
tilation flow rates were monitored through the'use of pres-
sure probes .in both the inlet..and outlet flow streams. . These
pressure....readings were' converted to velocities through the ; I

.:Be'rnoulli equation..for fluid flow, and in turn to volume flow -
*. rates 'through the cross sectional-area. (Traverses of both Vs - I

. ... .
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-zhet.inlet and exhaust' ducts were conducted to ensure that,
lv elcity readings were representative of average values.). ..- '1

2,!,A;4!jF4 S.' , , . ('>',f)'

..Enclosure gas temperature measurements were made with"a se- z

'ies of 20 sheathed thermocouples, Type K, 0.05 cm (0-02 in),
located in the upper part of the enclosure at 3.35 m (11 ft).
and 4.57 m (15 ft) as shown in-Figure A-l. These measure- r , l
ments .were used to -characterize the development. of the -. ,s-.
enclTosure environment.l . :-- - I -

:'4 The concentrations of carton monoxide (CO), carbon dioxide
*, (C0 2 ) nhydrocarbons (02). were.continuously;.
monitored in the e'xit duct by gas analyzers.... All the analy-,
zers were supplied by Beckman Instrumentation Co.. The. CO .. -.

and CO2 . analyzers were nondispersive. infrared' analyzers
model 865. while the hydrocarbon . analyzer. was a model '400
flame-ionization 'detector. and the 02.analyzer was a para-
.Magnetic,:analyzer. . .

. < 'ISurface temperatures were measured wifh-.thermocouples placed'.-'.;'
on, the cabinets. (fa'ces, sides, backs). in addition, th .'air

.. '. temperatures. in ..the burning cabinet and adjacent cabinets
'were monitored. All thermocouples used for. surface and air
temperatures- were Type K. 0.05 cm (0.02 in) sheathed type.
The locations of the 60 thermocouples.on and'in the cabinets
varied depending on the' test being performed. .-

*.Heat.:-:flux measurements, both 'convective and tadiative, were
.......Z,. ma-de using.: Hy-Cal. water cooled calorimeters capable of

'iti,-.z -..,me'asuring 340.67 kJ/m 26sec *..(30,Btu/ft2 osec) placed at 0.61 m .
f(2:ft) and 3.05 m '(lO ft) from the burning cabinet' In

,,, 2Iaddiftion.* calorimeters were located in the' burning. cabinet.
...:.Fluxes of particular concern are those from the fire to the..
,.,,,.adjacent. and separated. cabinets, and the flux from the hot

layer to the cabinets.

Small components.and other combustible-matrials (i.e., othe~r.
cables) were placed~at different locations in the'test enclo-

4 sure for' qualitative assessment. of damageability. of. those.
components- or sources. ; These items were also instrumented
, surface- temperature measurement, and some were powered

. and monitored for functionality. ' .

Source cabinet mass lots rates-wer.e monitored for.all cabi
-.. ,-'^_nets with an in. situ fuel loading. Cabinet weights were on

the: order of 681.82 kg, (l500.lbs). Total. mass loss of!
approximately .45.45 kg (160 lbs) was expected. Note that the! {. ..

;, .three'. cabinets in each test were required to be independent. -
for.weighing. Interface and Celesco load cells-were used fox-
'th Ispurpose and were attached to the bottom of the cabinet.,

St.3tic pressure measurements were made in the lower part of
that test. enclosure. The pressure measurement was.located in

. ' ' * * - ,' *-

:~ ~ ~ ~ ~~ . -. *1;'.. ',,, .1 , ... ,, , lq
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a.. stagnant region of the enclosure.
jmerits were made in the exit duct in sc
tests using a. smoke turbidimeter.
design -of the. turbidimeter and the
measurements were acquired.
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B. -. 1 * P r o J 4.

, The purpose of the;. Scoping Tests (ST) was to evaluate tithe : X
.ability of the selected ignition source. fuels to ignite''andtU1s.

-- propagatea fire in a cable bundle in a cabinet. In addi-.
* tion. these tests were to aid in selecting,.credible in situ

.;. :uel amounts and configurations. Since these are wscoping
tests. "they were performed with a minimal:amount of equip-

t ,'m-''bent and instrumentation for quick test turnaround time.

The Scoping Tests were.'not pass/fail type tests because it
was not necessarily a ;failure or a' pass when the ignition t io,-

source did not ignite the cables. The criteria for evalu-
atinrg the tests :varied, from test" to. test depend~ing' on what

;.;14i . new requirements were set. . Basically, the tests.were evalu-
ated to determine if the ignition source fuel ignited the ' .'l
in situ fuel (cable bundle) -and if the fire propagated

*;' ., within the cabinet. . . . .

.AU the Scoping-Tests were. conducted with the transient igni-
tion source:fuel. packet, which was selected 'in the Screening.

yI . Tests,(described in.a separate, test report (1)). No scoping
Tests were--conducted with the electrical; ignition source'

-sapparatua it was unavailable at that time . .

This appendix focuses primarily on the. results..of ST *6
through 11 ' as the results of ST 11 through 5 were reported
on at an earlier'date.[l]3

B.2 Test Setup . . , . .
E .:- .. . ' ' * ' ' ' '. ,.'':;; $

-The test arrangement for 'ST 146.-through 11 included the. tran_:'Z. J-
. sien ignition source f'el packet, a nuclear' power plant' cab- .',!

- net, 0.913'x 1.22 .x.2.'29 m' (3 x 4 x 7 ft). a pilot relighter ' -

and.a propane pilot light, along with the cabinet in situ ,
i uels (cables). . .i

tt4 s-.: - . * ;- *. ;*" : '' , : -.. 4-

For ST #8, "#10, and 111. the in situ fuel: loads and con-.
figurations were based on. surveys and pictures in an attempt
to make.. them as representative of actual installations as
possible. - In ST #6; *7i and 49 smaller fuel loads were
tested. First. the in situ fuel arrangement-was placedin
the cabinet in the desired configuration. Next' the cabinet
and in situ 'fuel; were instrumented (with. thermocouples) and

,t', the transient ignition source was placed in the bottom right.-
hand side of.1.the cabinet. Finally, the test was started when.
the ignition source; fuel -was ignited by the pilot relighter
and n'ropane pilot l'ight;v"

The cabinet for these tests was located in the center. o'f'the
Sandia Fire 'Test.Facility... In addition to the thermocouples
located in.. the cabinet, there were thermocouples in .the .1Gl.s,

t ~~~~~~~~~8 - ,*--,.,............,.'............. ~~



enclosure to monitor the enclosure environment. Also' cal-
rimeters and pressure transducers were used to monitor heat
fluxes and the pressure in the enclosure. A system of velo
city probes. thermocouple's, and. gas.. analysis for indirectly'if
-measuring the heat release rate (HRR) was also employed..

:The. cables- used as in situ fuel in these tests were an
I'EE-383 qualified, cable and an--ungualified' cable... The
q 'qualified cable: was a 600 V, three-cbnductor, No. 12 AWG
cross-linked polyethylene (XPE) insulation with a cross-
linked polyethylene' jacket rated at. 600 V. The unqualified..
.cable.was a 600 V, three-conductor. No. 12'AWG. polyethylene/

, polyvinylchloride (PE/PVC) with a . polyvinylchloride (PVC).
jacket rated at 600 V. The larger cable bundles in-:the
cabinet were made up of' smaller "standard cable bundles.Te"standard cable of"s andard casThe bundies"--were designated as #1l or. #2s
the #1s Were-made. up of .12 single conductors' (with insula a
-t.6n) stripped outj of the cable jacket, each piece 2.13 m

q -, ( a(' ft)- long. while the' *2s consisted of 3 cables (the
.-- 3--conductor-cables) of wire tied together. : ..

.- I.- . - :1 i. JgI
B.3 Discussion of Results ' .

-'Table B-i. a matrix of the eleven Cabinet Scoping Tests..
shows the--parameters investigated and ,a brief summary of the
results. The eleven tests can be broken down into three cat-
egories: (a) Scoping Tests #1 through 5 were. performed to i

.,.-;. ,. investigate -the ability of the ignition source to. ignite 3,

;,.:: cabl~e- bundle and the,.effects of location/arrangement of the I? .:'Fj
"in situ fuels...(These results are only shown in Table.l. for
completeness and ..will 'not be discussed here..) (b) Scopini.

-Tests . #6 through 9--wreie cabinet fire propagation tests oln . I l;

qualified cable, and (c).Scoping TestB #10 and *11 investi.- 7
.;t.gaced the in situ fuel amounts and configurations to be used

-r,4 zwith unqualified cable.', ; , ,.s
-t - ta. ft~. , I~;

'- f ':Scoping Test #6. was;iconducted to determine if a fire ignited
i , in. the corner cable bundle would propagate . to: other cable;

.....buMndles in the cabinet. . Figure B-1 shows: "before," "'dur- l
,and ."after" pictures of ST #6. The in situ fuel i.ri -. '

the cabinet-: is.the qualified cable, with a:. total fuel load ,
---.of 348.520'kJ (330,350. Btus). This is approximately -
.31;'628 kJ/m2 .. (27.530 Btu/ft2). The fuel load In :the

-!cab;inet-:is'.based on-a survey of four different sources shown
n_':--.,in:,igure.l; of this report. The loading; in the cabinet ti, k.

appeared to.:be -light :(i.e., compared tod:,photographs of
i d be.. cabinet. fuel load s, this test cabinet;:does.not appear

heavily..Id e). d The test was run. with no doors, on .
-the :cabinet: in order'to ensure adequate ventilation. The,

; fi...:fize was ignited' using, the transient ignition source. Only
the cable bundle directly above the ignition souce' (the
main bundle) burned completely. The bundle to the left of

a ._ o....

a~. -pa ,,,- . - .-. . . ;. , - - . . . . -ft
okIi. I .

: . : 4..... ... _.1

M 111�011111111 � W
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~Scoing Tests..5 
'S

d. . / Intense
bmont/O Cabinet . Burn "

Cable In 'Situ-Fuels .Ventil'ation Peak HER 'Duration Test'
Test a Type (KJ). i Me'thod (KW) Result
S. .117 '000 No. doors 24. I 15 Bundle did not

.. * . .... burn.

ST2 Q117.,000 No -doors 2 7 17 No propagation:

ST3 Q 17.600 No' doors 77 1 niebnl

ST4 . ... Q... 117.000- No' doors. --82 17 -Almost entire-.

. I

8 .

ST5 UQ *117.000.N or 1.32

A , bundle.:consumed.

17 Entire bundle.
consumed .

8 Z 2~5ZLO. - - "'U J400:)Uu . VW4 UVUUb

. I 5
ST7 - -~ 348. 500 . Doors closed

JI.
-ST8- Q . 5275Doors closed

* .ST9 barriersQ . 234.990 Doors open

.STIO! UQ ~ 611'.53'0 Doors closed;

S~LUQ61.3 Door open

9 5i 25

93 : 30

No propagation'

No propagation

..No propagation

No piropagation

'Propagated
All burned '

.74 -

280, .'

20

30

506 20 Propaga ted
.,All burned

:aStandard ignition-'. source, was'. 1'qt Acetone. 2.5 gallon polyethlyene bucket. and 16 oz. box
-4of 'kiinw pes... SpigTss 1 and 2 differed slightly in that~only 1. pint acetone was used.
bEzciudes. ignition s.rc1

CITj tests performed In., 091 mn x'1.22 mn I2.29 m' (3 -x 4 x17.5: ft) cbnt

dh, testsi with- closed), doors , .ventilation is provided thr gh enti~lation -grills. ~
'VŽ .~. . 5 I *V~v*- ~… '-. U..

... FI
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the main bundles was damaged. but not severely burned: how- O
ever, the cover to: the: plastic wireway deformed and fell.

, M...*.. into the fire. There was no horizontal propagation of the a a

fire in any cable bundles. Soot was deposited on the cables . .Tq 4

in the top left-hand side of the cabinet: yet, they were not.,
* damaged. _..The Heat Release Rate (HRR) produced by this fire
'is shown-'-in Figure B-2..

I . .* ,. ..

'In ST #7 the in situ fuel cable, configuration. and fuel load
.? ,.'amount were exactly the.;same as in ST 16. The only differ-

ence in. this. test- was that doors Were put on .the cabinet.
,' .,The" doors each had two ventilation gtills. one near the top

of '.of the door and the other near the bottom. The reason for
putting the doors -on and closing them during the test is ' -''

* that it was assumed that the closed .doors would produce*-:; $S;^
- higher' temperatures -in the cabinet' which,.might contribute-to.,'~-:.'

. .-the propagation. of';.the *fire.. Again,.' only the, main corner:','*.
t''bundle.- above the ignition soatce was completely consumed'
-MId..Figure.B-3. two ̀ ebeforer pictures and one "after" picture

io f .'ST #7 are shown.": The' cover of the plastic wireway to. the'
left of the main bundle.fell into the fire.; There was, how

m .ever, a higher. level 'of soot deposition (as compared to
:ST# 6). on the cabinet walls and cables in the. top of the

m scabinets. Also. the cables in the top of the cabinets_..:.",:..,
'.-s showed slight degradation and discoloratioun: yet, no cables..

-:but the main bundle burned. There was no horizontal propa-. ',:.
; gation of the fire.: The' HRR plot of this test is shown. in .:t` V4
Figure B-4.

{{.;i.'-Becaus6 the! fuel loading: appeared light [21.. (e.g. , not many *, t;'M'

cables in the cabinet) in the two previous 'tests, the fuel ',-:.loading.. was increased 'in ST #8. The in-situ fuel was

qualified cable,. with a total fuel load. of 582.87t k ;
(552, 450 Btus). This. : is approximately 522,827 kJ/m2

- (46,040 Btu/.ft2 ). -The' fuel 'loading and cable configura
.- wtion in' this test were based on pictures of actual ..NPP

-,,t.i, -c'ntrol room cabinets..:,This test was' run with the cabinet
. doors closed' as in ST: #7. The "during" picture, shown in

EviA, &@Figure B-s. shows the highest smoke output. rate during the
0 '-. test..' The 'smoke'.levell in. the cabinet ;never descended

*'further-.than 1.22 "' (4'ft) below the' 'cabinet -ceiling..-The .- '.
room'did' not' fill Wiith smoke. As 'in 'all other tests, the

:.main cable bundle directly above the ignition source burned. i a
i.'+'-':.:In addition,. the cable bundle and the plastic. wireway to the

...of-_the main bundle. burned. However, no, other cable in
- cabinet': burnedb.:.. There was significant, 'heat .and smoke'

.'t'damage-.to the cables.Jin.'the top of the cabinet and to those..
E .' on :the .left-hand. side of;'the cabinet. It was assumed that '

W-the higher fuel woading' with 'the closed cabinet doors might
| p,. nhnethe 'potentia'l f or th'e' fire to propagate,-hwvr,-' .

this was not observed. The HRR for ST #8 is shown in Fig'
.*ure B-6.-

1IkL> .~...<. -. :-.
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- Since it did not appear. that. the fire would propagate in. the" , . ;-.
: .configurations tested. Scoping Test #9 was conducted to in-;;S><..;'
y vestigate if internal horizontal, barriers (e.g., strip chart, .

iig!,:p.Krecorders. mounting plates. etc..) would enhance the potential. ,^...,. .
.. for... the cabinet fire to... propagate. The in situ fuel was
.'the qualified cable. with a fuel loading of. 234,990 kJ

(222.740 Btu). which Iis approximately .210,766 kJ/m2
.(18.560 Btu/ft2). The fuel load if. higher because the. .

7--only purpose of this test was to determine if the horn-
zontal. barrier would propagate the fire from the right-hand , ..

side of the cabinet to the left-hand -siee.: In Figure B-7 a. . .,

., before.' "during,". and "afterH picture of.ST4$9 are shown...
The main bundle directly above the: ignition. source was ..

burned;, also, the cables: below the pattition. in the right---..--.
hand --ide-of the-, cabinet were burned. However, no other
cables in the-cabinet were burned. There was thermal damage- . l
(i.e..melting) to the cables below the center and left-hand .:>: i.
side partitions. Again.-the fire did not propagate horizon-
tally .even with the partitions; The HRR for this test is

' .shown in Figure B-B . . . .

;Figure B-9-shows "before.'" "during." and "after" pictures of
ST--.-#l.ST .,:. The in situ fuel was unqualified cable (PE/PVC) with ' 4
a total fuel load of 611,530 kJ-(570.650 Btus). This is ap-
proximately 548.491 (48.300 Btu/ft2). The fuel loading and. -.
-cable' configuration was as much like that used in ST #8 .as -:

I;-..*.. possible. The purpose of this test was.to investigate the.
differences . in burning between qualified .and, unqualified 1P

,i ,z 'cable with 'all other parameters remaining the same. ,The
test was run with doors on and closed as in ST #8. During

.;-the fire, the smoke ievel! in the cabinet appeared to descend .. B
t . .to floor level because smoke was exiting the bottom vents of
the. cabinet.. Then the. ioom began to fill with smoke and .: .... E
Io`bfcured._the view .of the% cabinet. The fire in the cabinet

V appeared to die down.. then began burning intensely again...ID During. the "second burning,' flames were obser.vedd_...shooting
. from. th e ventilation grills of the cabinet. and between 'the-, .-.. ,. i

cabinet doors. All the: cables in the . cabinet were corM.WI,' pletely consumed. The residue-visible in the cabinet, F ig-< .,1J
ure B-9, is ; all charred matter. -- In addition. the .-cabinet: . -.
was badly.damage~ d with.;warped :doors and :extensive corrosion :^jn
of. the cabinet.. The. resulting HRR from this fire is. shown' .: ij

* .. "atj! ':'. in Figure Bols-10.- Iit

The arrangement used in ST lil is the same as that used in .

* ST *10. The only difference being that the cabinet doors ,.
i. .,remained -open during. this test. Before and after pictures .

|'{'§! of this test are' shown in Figure B-11. The purpose of this , 4i;.,
test was-to...evaluate what effect the cabinet ventilation had
on. the fire :.deveiopment.: Again. the, smoke level quickly
descended to the. floor. obscuring Gus qe.-,abinets in the en-- .... ..

closure. The HRR, shown.in Figure B-n12 ,Nshows that the-.fire..;.*
.. . brned much quicker than ST #10, and it appears that in this'

*9.. .; 9 - . ;-

. . 4 . ..
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" test there was no 'restriction of oxygen to the fire as
occurred. in ST h10.. All. the cables ...in.- the cabinet. wer-.'%rt

' Completely consumed. j !'i t

j'> J!la result-of-the'Scoping Tests. the follbwing conclusions ,.
w t rere made:;

Th , a. There-6 is aceitical a ountot "ignition source' fuel"
-that- is necessary to ignite: a cable bundle. particu
larly qualified :cable_ . - ' ** : -; . .'

b. Qualified cable ,fires in vertical cabinets wili not.
spread. - , - ' :'"

: .. , :_-~~~c'.~ablied ca.in, vertical cabihet~s will.:easily!,,6.Unqualified-'al. Y.
.'ignite .'(with :the- selected, *ignition source) and
,propagate a f.ite. - i ';

A. --Burning Mrate' (HR) .is affected ',byjthe ventilation ''

method (i.e., closed ;or open .cabiiet door) in tests
using unqualified cable.' .; -

e. Smoke obscurat'io in the test enclosure occurs within
,.five minutes in Unqualified cable cabinet fires.,

*.f. r In situ fuel amounts when loaded in cabinets. based
on survey information. appear li'4ht. - -- : .

g Oxygen deprivation 'appears to c.control ,burninq' in ' .'
fired with closed cabinet doors.-

- . In a _S;S@

.. I , - ..*... .. ,
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.' '- 2I I- I

t1,



lq "'; - f t -i REFERENCES.0* l

",..' - . 1.-..Chavez- -J..M., Results of Screening and Scoping .Test-s f o i^..t 
... ;

. .&. . .the Cabinet Fire Testing PrograW7-.~.Sandia. National Labora-4...................................''<.t;.s

t-- _ " 'tories. Quick Look Report sent to 1he Nuclear Regulatory''.'' .................................. w

, -- . Commission. April 1985.. . ................................. ,

r ' ' 2.' :Chai`ei. .':J ...... .M., 'to. . Datta, personals correspondence .- ............................ .

.. ': 'June. 17, 1986. ,subject: Fuel Loadings in Cabinets. -.¢

;ZWt?- ,.*................................... . .;

cat,!s- s! 7.,

:a .' ' - ~ *' *,,. 
IA.

> ' ' ! J

'' t~~~~~~ ~~~ 0 ~~4 0,S1 0' ''-D,! ;td-

, ,r!.*._'at*.. ._X_..-z

* -ws*.' r. ., . .,. |1..2e



-i"STIRIBUTION:

. .S. Government Printing Office
R Jeceiving Branch (Attn: NRC Stock).

. .p610 Cherry Lane

-4, Laurel, MD 20707
:-(225 copies for RP) -

U.S. Nuclear Regulatory commission

Electrical Engineering Brinch .

P.ttn: A. Datta (5)
.- M-_yail Stop NL 5650

1^'ashington, DC 20555

Impell-Corporation
jqttn-... Collin A. Lewis.:
350 Lennon Lane
walnut -Creek, CA 94598

'tibressional'Lbss Coni:r6l., Inc.
..A. ftni. . kenneth Dungan

Box 446

C16k, Ridge, - TN i:;-371830 -

le:le'ctrit: Power Research Institute

'Nuclear Power Division,
Attn: 'Joseph Matte T11

3412 Hillview Avenue
-Falo Alto, CA 94304

F:isk Management..'e.
Illennessee-valley.Authority
Attn: Ralph Thompson
!,R 79A L66kout Place
Mattanooga, TN. 37402-2801

PSI
Exchange'Building,-- Suite 245

- 14t tn: bot.E-1:�,pherman. Lib�ary
'10170' Farmi'hoton Avenue

Farmington, CT 06632

underwriters Labotatories
Le.on..'Przybyla

.13' Pfinjsi6h. Road
Northbrooke.IL 60062

_.-IM'Protection Consultants

-Attn: Stan Chihgo..
2'. 90:: U.' t hR i'a"z aiViesidi

Chicago IL..60606.

I.V .1
J,!

impell corporition
Attn:- -John S. Schternacht
350 benno'n Lane
Walnut Creek, CA 94598'

Lawrehce Livermore Laboratory
Attn:' Harry K.- Hasegawa 5Al
P.O. Box 5505 L-442 .4

Livermore, pA 94550

clinch River-Stee r or -Plant'-:
CRBRP Project
Attn: Larry V. Clark
P.O. Box U
Oak Ridge*.TN '37830

Patton Fire suppressions systems. rnc:;-,
Attn: Richard Patton
4740 Myrtle Avenue, Suite"i"'
Sacramento, CA 95841

91tctricite':De France
Thermal Production Headquarters-
Attn: Jean-Pierre Bert et
EDP-DSRE-6,,Rue Ampere
BP 114

-93203 Saint:Denis.Cedex-I
FRANCE

Fract6ry mutual Research Corporation...
Attn: Jeff-Newman
1151 Boston�-Provldence Hwy..
Norwood, MA!.'02062

lorida Power corporation
Attn: L. R. �erklns
System Fire'Protection Coord ifia
6115-Park Blvd.
Pinelftart Park, -F 33565

American electric Power Service' Cd;.
Atin: Jack D'. Grier
Fire Protection and HVAC Secticn
1 Riverside Plaza

e
P.O. Box 16631..'.
Columbuse OR .'432i6-6631 rQ

Comi�onwealth Edison
Attn: Torn Grey
72 W. Adams Street M, 1;
Room 1248
Chicag6, 11, 60603

)3.-*-11



Grinell Fire Protection Co.
Attn: Joe-Priest

. 10.:Dorrance Street
Providence,-RI 02930'.

:t.:- Br ookhaven ?Hatioria1. Laboratories
Attn:''- John Boccio

t :Bldg. 130 .
Upton. NY 11793 . ,

U.S. Department of Energy-.
'Albuquerque Operations Office
Attn:--Andrew J. -Pryor.
P ..P.O. Box 5400
.Albuquerque, 'NM 87115

-Edison Electric Institute
Attn: Jim Evans
*111 19th.Street. NW

Washington. DC 20036-3691 -g I'i',i,:
Dr. Ulrich..Heinz Schneider

. Geseamthochschule Kassel .
Universitat des Landes Hessen
-FB 14. Postfach 101380
3500 Kassel, FRG

Dr. Heinz-Willilrenig.
Gesellschaft fur Reakt'orsicherheit
Schwertnergasse. 1
D-5000'Koln l, ..
FRG Z .. . ...

;. Dr* .. D'ietmar Hossr '-
.. rKoning-und Heunisch

r Letzter.'Hasenpfach 21 .
6000 Frankfurt/Main 70.

:: '' FRG . . .

NUPEC _ : ,
No. 2 Akiyama Building
Attn:. Toshihiko Sekine
6-2, 3-Chome, Toranomon

::.>;<.Minatoku. Tokyo.15 . .
JAPAN ....:. . ...

Mr. Liemersdorf . *- '
Gesellschaft fur Reaktorsicherheit
Schwertnergas'se 1
'- 5000 Koln 1..'.

.-.->'>>FRG -r -~. .''

-104-

.Centre Scientifique et
Technique'duieaatiment -

Station de Recherche
Attn: Xavier BodArt '
84 Avenue Jean-Jaures- :
Champs-sur-Marne.

77428 Marne-la-Vallee Cedex 2
FRANCE

Societe Bertin & Cie
P -No. 3 '

Attn: Serge Galant-.
*78373' Plaisir Cedex
FRANCE

''2*

M. Allen Matteson, Jr.
Code 1740.2 .. :Ii
Ship Protection Division ;
:Department of the Navy -y.. \ I
David W. Taylor Naval Ship
Research and Development Center.,
Headquarters . . ' . '"

Bethe.sda. MD. 20084-5000.

Mr. David Satterfield
National Center #4. Room 3L1 "5
Naval Sea System Command :(56Y52)
Wa'shington, DC 20362 .

3141 S. A. Landenberger.(S) . .

-3151 W. L. Garner ,*
6226 J. M. Chavez (2)
:6226 J. T. Holmes ' ... .

6400 D. J. McCloskey !- , . .- ,

6410 N. R. Ortiz
6417 D. D. Carlson .
6418 L. D. Buxton
6419 K. D. Bergeron
6420 J. V. Walker
6440 ID. A. Dahlgren
6442 W. A-.:von Riesemann
6447 M. J. Jacobus..
6447 V. J.-Dandini'
6447 D. B. King
6447. V. Nicolette .
6447 S. P. Nowlen (13) .
6447 B. L. Spletzer .. :
-6447 W. T. Wheelis ..-

6448 D. L. Berry -; I
8024 P. W. Dean . . .. *,.. 4

I . - . 7111.1S
~~* - it ... .



* �. 2�4

.4

�1 �

�4J

i-:
.. 0

. US. UCtIANSgau ATORYCOtIU1O0% * tPOtfFtOR gEtMfI(Aha-fa0 TIDC *aEV.' Ao.dsarl

lNcU 1102. B NUREG/CR-4527 1 of 2
BIBLIOGRAPHIC DATA SHEET .SAND86-0336 -. -

SfI 1tISTNUCtIOadifOt biE AtlviOltt

1. tIILi AND S et" -' J LIAvE OLANK

*'i.AN EXPERIMENTAL INVESTIGATION OF. INTERNALLY .

. IGNITIED FIRES.IN NUCLEAR POWER PLANT CONTROL ._--_._.
-CABINETS' PART 1: CABINET.EFFECTS TESTS > *OAIR(POAIC0MPLIIIO

I AUTHORISI November 1986
* DATE AIPORT ISSUED

. M. :havez'-. . .|

:: . . i April . :1987
1.04O RVN N3NZ 0 4AVEA; VMAINO AODASS 1, I..va-a, to CO&?, a PAo~tcyiTAs woftt UNSI NumpiA

-l . . ;. . *+.- N. 6'|. ' i

.Sandia National'Laboratories . , NOt GANTNUMSBER ur.

.Albuqurque, NM .87185
A ..A..

�1
4�.

L'�1

9.3`111 OSOR5A1JACQ NAMElZSl~ lAWND VAltIbIG ADDORESS (IcO O Z. Co '

.S'§ifvlsisjn of>Engineering
Tz:;Office. of Nuclear Regulatory Research
,U.S. Niclear Regulatory Commission
,,,WaS1ington' DC 20555

Ila TYPE OF REPORT

I.
- III PERPI1ODCOVERED I...I, *1NOI:

I ,

_ .

i

a. .. ... *, 12t SUPPLEWNTAR NOTES1 i

-:' :. , '- '' ' . ]

IJ'AJSTPICTJ200-"01,#.,I A ceries of full-scale cabinet. fi. tets conducte b

Sandia National Liboratorles [or the U.S. Nuclear Regulatory'
Commission. The cabinet fire tests were prompted by the .
potential threat to the safety of a nuclear power plant by a : , 1
.cabinet fir'--in either the control room or in a switchgear

. - type 'room. The purpose of these cabinet fire tests was to
characterize the developmeht and effects of internally

- . . -: ignited cabinet fires as a [unction of several parameters
believed to most influence the burning process. A primary

D goal of this test program' was to test rerresentative and
i.tedible configurations and materials. This series of ;_

~:. ' -. -_.,, . 22 icabinet' fire tests demonstrated that fires in either '
benchboard or vertical cabinets with either-. IEEE-383 quali-

-- .. fled cable or unqualified cable can be Ignited' and. propa- .
gate. However, fires 'with IEEE-383 qualified cable do not
propagate as rapidlynor to the extent that unqualified cable ..
does. Furthermore the results showed that the thermal en--
vironment In the test enclosure and adjacent cabinets Is not ...
severe enough to result in autoignition of other combusti-'., -

* -. -bles: although in some of the larger fires melting of plastic., ' .; .n;.
*-.bmaterlals may occur. Smoke.accumulation in the room appeared . .:.

. to be the most significant problem. as smoke obscured the''.. -.

L: tt ,~',.' . .;-:. View In the enclosure within minutes after ignition. Essen-., ;
.- .. tially. a cabinet fire can propagate within a:.single cabinet:4.....

t : .. however. fot .the .conditions tested it does 'not appear that ' -
'- ': ,' the..fire'- poses. a threat outside thi burtinn' cabinet 'exceptWi 'OCUMEIw' AN'ALYSIS ' IIII Iltl es Vmoke., . ' . A, ... VA .I

I

.1 - .I .11,,V..
.1;

. i. .

.. 4. .�

.!;I: -

t reCabinet Pire, Nuclear PoWer Plant Safety

I DINsIFtElONE Chttt t( W -im *

, r, . . . .'

I I ,

Unlimi-te.d

Unclassif iee
Unclassif'''

II NumSet Aa PAGES

j. US OOVEANMSENT IRINTINO O~FlCE 1N7'-?73-040/41046

1* I..-,

- . I



� �!*

4
4

ft

-H.

... i , !
. . .I

I ::

I

I ,

I I-

i - .

i
I

i I

i -

I
i

I

I

-

;

I ' I r'"

.,"-_r o
:,.: Is., : ...
.. . . ... . :: a. X .. . . Z .,.,. ': .
x,;. . . i, . ;;. . .

>j;C80 i
., in

=....... . i .... A. . . ,i .. ... . .

p;;R;,RiiOR...4,..., ;.s ;.

,.j ; ., . .. .. . . a ... . .

ma, f :.'':, . ,.: , . ... ...
/ .__t. ., ., . , .. _, . ..

',.:, ''' . *

I. i. .-

I
2 . 1..1. . ..

. . 7 1*'
II

.. . I

. i



C

�1

"�1*

.

* NUREG/CR--4527.-V'

T189 004072

. . .

D1. 2. : NUREG/CR-4527
SAND86036
Vol. 2

.~is

*-p� *�v

.kI

__ _

- __ - ____ __ __ ___ - - - __ - __Z

An Experimental Investigation
of Internally Ignited Fires-
in Nuclear Power Plant
'Control, Cabinets

Pirt lI: Room Effects Tests ;

Z__

,M Jinuscr.ipt Compltned: October 1988
Dnate Published: November 1988

Prepared by.
J.M. Chavez, S.P. Nowlen

Sandia National LUboratories
Albuquerque, NM 87185

Prepared for
'Division of Engineering
Office of Nuclear Regulator, Research
U.S. Nuclear Regulatory Commission;
Washington, 13C 2055
jNRC FIN A10110

DISCLAMER

, Shis report wts preparcxd as an account of work sponsored by an agency of the United States
Government. Neither. he United States Government nor sny agency thererf, nor any of their
employees, makes any warranty. express or Implied, or assumes any legal liability or responsi-
rbiliy for the accuracy, completeness, or usefulness of any information, apparatus' product, or
p e disclosed, or represents that its use would not infringe privately owned tights. Refer-

- nc herjirion io y pes fic commercial product. priocess, or servce by trade name, trademark.
tst aclurer, or otherwise does not necessarily constitute pr Imply Its endorsement. reciom-
idatlonf or favorin: by the United Statesa overnment or any agency thereof. The views
tnd Inlons of iothws expressed herein do not necessarily state or reflect those of the

iiied Salea Government or any apency thereof.

1IwI.4* '.

.
_ _

I

: ' '.1

v :…1;:

4 X
-e . : 4

| _ s

*. I AST R I

BST9BUTI~4 FTIIS DCUMENI IS UNL.IM~'

I
it 1 1;'Y� ; - .
.I . ., I . ..

:. I

. . %:. :1:
. I

.. " . 1.

I
_ . .. .. .. ' '' .

. . . . . ; i ; DI: .. J.



* .-- .. .. ' . - ': '§

ABSTRACT - - -.

This report presents the findings of the second part of a two-part series
of full-scale electrical cabinet fire tests conducted by Sandia National
Laboratories for the U.S. Nuclear Regulatory Commission. The first part
of this test series investigated the effects of various cabinet parameters
on a'cabinet fire. The second part of the test series, described here,
investigated the effects of such a fire on a large (18.3xM2.2x6.1-4 or
60x4Ox2O-ft) enclosure.

Five tests' involving a fire in a control cabinet were conducted under Part
' ''2 of the test series. These tests investigated the effects of fuel type,
cabinet configuration, and enclosure ventilation rate on the development'
of the enclosure environment. Although fires as large as 1300 kW' '."-
resulted, enclosure peak temperatures (outside the fire plume itself) were-
'typically less than 150iC. with significant vertical thermal
stratification observed. The most significant impact on the test
enclosure environment was that dense smoke, in all cases, resulted in

'total obscuration of the enclosure within 6-15 min-of fire ignition..
Enclosure ventilation rates as high as 8 ,room air changes per hour were
found to be ineffective in purging the smoke from this large enclosure.
Similar obscuration problems had also been observed in the Part 1 tests,
which utilized a smaller enclosure with ventilation rates as high as 15 --
room air changes per hour.
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,t* it. EXECUTIVE SUMMARY

h.- ' : A -part of the U.S. NRC-sponsored Fire Protection Research Program, a two-; .,'..: 'I
part -series of full-scale, electrical control cabinet fire tests was.
conducted by Sandia National Laboratories, Albuquerque.. The first part oF VAP

-.Xiii.'th is tes t series, referred 'to as the Cabinet Effects Tests,--investigated !.

the effects of various cabinet parameters on fire development. The second ;

part of the test series, the primary subject of this report, is referred A4'..

. .. .. to as the Room Effects Tests. These tests3investigated the effects of a
cabinet fire on a very large (on the order of actual control room size) -.

enclosure. -r.. a

-bly The cabinet fire testing was prompted by concerns onh the part of the NRC - '
staff. over the potential effects of a cabinet fire on the ability of a

.:. plant to achieve and maintain a safe shutdown state. Electrical control )
cabinets, particularly control. room cabinets, often represent. a single-*.
point vulnerability of multiple safety systems or compontents. Thusl
compromising absingle control cabinet by fi r e could potentially result in.
loss andfor-spurious operation of multiple safety system components...

. .Historically a number of fires have occurred in electrical cabinets (see'...:.
Reference 1). While none of these.incidents .has involved a control rocm ; .

'-=- cabinet or- resulted in critical degradation *of safety features, this
historical evidence illustrates the potential for cabinet fires to occur.

.In totial, the:two-part.series of cabinet fire tests addressed four aspects
of electrical cabinet fires:

* .The ability of a cabinet fire to ignite and spread . .

* '.-.The rate of development of a.cabinet- fire
'Rr .'' o '@ ' .," ' & .4 .. . : ' ', : I

- The effects of. a cabinet fire on the room environment

* The potential for propagating fire and/or fire damage beyond the'
cabinet of origin.:

In addressing the final aspect, propagation of fire and fire damage beyond
the cabinet -of fire origin, only. a limited investigation was performed ,

With respect to propagation of fire, only the potential for spontaneously
igniting an adjacent cabinet separated by a solid double-walled barrieor

:'.':.was-Anvestigated.' The potential for spreading fire'through"a single-wa'll..'.-jt
-. . barrier., or through cables that penetrate the cabinet. surfaces, was 'not -

investigated.' The results with respect to each of these aspects alre...
described below. ------ . . .

As a result of the two-part test series, a number of observations. and
ccnclusions were documented. With respect 'to. the initiation and
development-of a cabinet fire.

F cables that do hot pass.the_.IEEE-383 flame-spread test standard
' (unqualified cables), cabinet fires are easily ignited and '

., . ' .
- - .. :.- -n s- - - '. , , -' - . A t '

*: . * : i - .: . -, f



:-:. cobsibl maeral withi hpropagate readily, generally resulting in combustion 'of all *..-i::

combustible materials within the cabinet. .It was also demonstrated i.;'
that even a low-intensity (170-W) electrically heated fault po'int. -''
could result in full cabinet fire involvement for unqualified '

*' a: -.' - ~*-' 'cables. . -. . .

For cables 'that pass the IEEE-383 flame-spread testing' standard .'
.. (qualified cables), self-sustaining fires :that resulted in- full- I.

involvement of the cabinet were somewhat more difficult' to induce.. '
- However,- giVen the proper: circumstances,- such. a fully involved "

cabinet fire.As possible, as demonstrated in Test 23. . . . *t

: . Peak fire intensities observed for both qualified and unqualified '
cable cabinet fires were approximately 1300 kW (Test 23, qualified .
cables 1235 kW peak heat release rate; Test 24, unqualified cable, .'
1300 kW peak heat release rate). These fires represent very. .. '

m intense fires, which typically grew to peak intensity within -10
inin. . . . .. : -- .. . IpIn
Because of the rate of development and eventual intensity *of the'
observed fires, ..efforts to- suppress these fires with hand-held '.. ,i4 I

; extinguishers cannot be expected to be very effective' beyond .s1cI

approximately.5 min after ignition. This impliesthat early
detection and-suppression will be the key to minimizing the.effects *.*-. '

; 1 ! ' 'of a cabinet fire. ' --- - iii'
With respect to the effects of a cabinet fire on the room environment:...

: .. i¶ ' * : **X~
'. .. . -Peak temperatures at ceiling level (20 ft) directly above~the fire ~ :'t

* .- source were observed to reach as. high as. 262C during a cabinet- :!-
fire.' ' . . . .

* -Thermal' environments in the test enclosure 'induced as a result of a i
fire confined to a single cabinet, were observed to' reach no higher:';

- '.than ISOOC peak temperatures outside the immediate 'fire plume. ..
--(Many- plant ..situations exist in which groups of- cabinets are

ventilation-isolated from the general enclosure by solid or vented
- barriers. In such situations temperatures. within these areas can'
-be. expected to exceed 1509C. However, this situation was not' .
directly~investigated.) . .

A significant degree of vertical thermal stratification was .
, L .... observed-in all tests conducted in the large (60-''x-40 -x: 20 ft) -test .X

's.. ' -enclosure. . - -

The peak temperatures observed. depend strongly on. the size of the'.'
enclosure and on the ventilation rate provided throughout the-

-:7, : ;.. '. 'course of the fire, . ' .

* No attempts were made under this effort to investigate the effects -
* of securing enclosure ventilation such 'as might be expected as a J.

; ' '.' * . response to fire under certain fire isolation strategies. ,' ' -

2 '.

|ij ! * - A~ . 'i
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.he.build-up of smoke in the enclosure and the- deposition of soot

:. .;.''. articulate were observed to be significant problems in both parts..
' ofthe test series. Typically, within 6-15 min smoke had totally
obscured visibility t.roughout the test enclosure. In the-smaller, 4

-a-'"nclosure -used in 'theCabinet.Effects Tests, ventilation rates of
'15 room air changes per hour were typically used. For the- large '.

... high as 8 room air changes per hour were used. In each case these
-rates -were insufficient to effectively purge smoke from the
enclosure.. In the case of the Room Effects Tests, times in excess- .
of one hour after completion of a-test; at high ventilation rates,.
were required to purge'smoke from the enclosure. It is anticipated.'
that due to.this rapid build-up of a. thick smoke layer, operator -'

* effectiveness would be severely hampered under such conditions.

With respect to the propagation of fire beyond the cabinet of fire origin: .

A solid steel,, double-wall barrier was quite effective in reducing A

adjacent.cabinet temperatures, both surface and air, below typical
'G> Ee spontaneous -ignti on;temperatures for most materials.. Thus the

.' .; ;-'spontaneous cabinet-to-cabinet spread of fire through such barrier
configurations is-considered unlikely. This conclusion relatesj only to the actual spread of fire between cabinets. . The' ' i
environments observed Indicated that other'damaging effects;- smoke'
and high temperatures for example, may. threaten electrical >-

equipment in adjacent cabinets,.even though flames may not actually..-.-'..
propagate. In particular, it is anticipated that integrated,

..;' '''~circuitry based control components willI experience 'c'al ibration:.-:,
drifts and/or failure at the temperatures observed.

Many potential fire-spread paths were not investigated. Spread
paths associated with cabinet partitioning barriers, which were not-

' investigated, include single-wall barriers and barriers susceptible
to warping that might allow flames to.pass the.barrier. Based on: E
the results of these tests, partial 'or incomplete barriers and.-.
unsealed cable penetrations can be expected to allow further spread .

-- -. of ffire,- given a fully involved cabinet fire. The vulnerability of .
* ; cables .in raceways above or below a-bur,!ning cabinet was also not.-

'.--s~g' ''' .e'investigated. .

With.trespect to fire-induced damage to remote.cables and components!

i No significant damage was observed for cable bundles located in
. .adjacent cabinets (separated by a double-wall barrier) or in other a.; ,iN-

3 'enclosure locations. -Both visual and insulation. integrity checks *.-.

were made following.relevant tests. . -

'. Heavy soot deposition throughout'the enclosure was observed in most-.
- tests. In some cases this soot.was found to be heavily loaded with

S o -: chlorides,[7] adding the potential for highly acidic solutions to-

.. . ;.-., , - - . . , , - . * :..M
3 ., - A
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'form In the presence of moisture "(such as that -resulting from
suppression activities).

Low-voltage equipent present in the'se environments .was found .-

generally to remaian functional (in the absence *of moisture).[7]1;, e

'One.exception involved a strip chart recorder that Jammed due to

.. .. .depositon ofsoot on mechanical parts.' High-voltage equipment'was
not investigated.'.' Also, the vulnerability of cables in raceways

^. '' '' -directly above or-below a burning cabinet was not investigated. ...............................

.. 
. - - ...................................1 !'

One additional insight was obtained which was not a part of the original.

.. . objectives of the program .-.......... This ..involved the -ef fectivehess of' smokteN , d

detection for.this type of fire.- During the final cabinet test, two smoke

detectors were placed in the enclosure and monitored for. actuation. One

-. .. detector. ia's placed within.the soufce cabinet and one in a remote cabinef.
The ditector in the source cabinet detected smoke from the electrical

ignition apparatus used in this test approximately I min after visible:

smoke f.irst appeared and approximately 5 mIn prior:to open flame ignition,'.-

The detector located in a remote cabinet did not activate until 10' min.

after fire ignition, after the fire intensity had peaked. This experience
Illustrates the effectiveness of in-cabinet detection systems. Area-type

detection systems can be expected to lag in time the response of the in-

cabinet detector, though the detector located -in the remote cabinet

probably would represent the worst possible detector'site, 'given the

''locaton of the fire..
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; 'A two-parf'series.of full-'scale cabinet fire tests was conducted as part ".r.
'of.the Fire Protection Reseirch Program. This program is being conducted a '.

:!'15;- :;.for the: U.'S. Nucl'ear Regulatory. Commission (NRC) by Sandia National
-f-.I'Laboratories,'.Albuquerque: (SNLA). The Cabinet Fire Test Program. was

prompted by the potential threat to the safety of a nuclear power plant
posed by a cabinet fire in either a control room or a switchgear-type
room. Although there have been no fires.in control room cabinets of
operating nuclear'power plants, there have been fires in cabinets in other
parts of 'plants, and these cabinet' fires have resulted in significant .
damage from heat, smoke, and corrosion.[(]' Furtiermore, based on. past .
probabilistic risk analyses, a fire in a nuclear power plant represents
one of the more significant potential threats to the safety' of a 'plant,
and,'--lbased on plant. operating experience, a typical nuclear power plant -
can expect to have three to four major fires during its lifetime.[i]. In
addition,.a recent study has shown that, given the possibility of'multiple
-spurious equipment operations (such as might be induced by a cabinet
fire)., remote shutdown may be rendered 'ineffecti.ve.'2]

Because of the perceived level of risk, the NRC staff expressed a number *.5:. g

' of concerns about cabinet fires. These concerns centered on (a) the .*1.
-abil'ity-..of a cabinet fire to ignite and spread, (b) the rate of
development of the fire in'a cabineti(c) the resulting room environments
produced by the fire, and (d) the potential for the fire to spread to.'

* other cabinets and to damage equipment and components throughout the room.

The'first series of NRCisponsored tests, called the Cabinet Effects Tests
and described in Volume 1 [3], investigated concerns' (a), (b), and (d).
The second series of tests, described in the present volume and called the

''Room Effects Tests, validated the results obtained in the first series and.
* investigated concern' (c). . .

-This report Iill ldescribe.the general. outc6me of the Room Effects Tests.. -a'
-Only sufficient data have been processed and evaluated to interpret the
results of these tests and: to permit, comparison with the .Cabinet Effects
Tests. - Further analysis of' the data that are. not used for 'this reports :
suc h as air. velocities or combustion product concentrations, may be

';:. accomplished at a later date..: . - - --

'.2 Preyious Studies . ".

Previous system studies and testing have shown. that cabinet fires in
nuclear power plants represent a potential 'threat to the safety and
shutdown capabilities of; a plant. The relevant work performed prior to .
withe Cabinet Ftre Test Progrim is discussed in in earlier report associated 'N

*';-. .. with this efforts :.['.3'!F

'-""' _
I.'.
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.Based on the Cabinet Effects Tests, a number of conclusions were reached, i
as follows. . j~

.Cabiet fires can be ignited and can propagate in either IEEE;383 :.

:qulified or -unqualified cable, with either of the ignition"'-J:4 ilG
sources tested (transientl and electrical). However, ignition and
propagation are less likely to occur in IEEE-383-qualified cable4  *..

*; . . . ~ . i i . 4 Ah .

* :- . A cabinet fire, with either IEEE-383-qualified or -unqualified
. :cabale as the in situ fuel, in either a vertical or benchboard-style

--.- .*,_ . cabinet, can develop rapidly (in minutes). However, in tests with
*r m~ : - -.. . ..qualified cable,. the fires did 'not become as, large as those

involving unqualified cables. (This observation has been modified
as a result of the room effects tests in that one particular test

f '' . . .using qualified cable resulted in a fire as intense as any observed...
with unqualified cable). . .

Ignition, development rate, and spread of a cabinet fire depend on
critical combinations of many interdependent variables (ignition :'..
source, .n situ. fuel geometry :and amount, cabinet style,

4 ' ventilation, etc.)' Hence, the course of any given cabinet fire is.
substantially unpredictable unless,. as is unlikely, 'the values of
all these variables are known in advance. Even then, it would be
difficult to predict the exact course of the fire. .

:iI
For the enclosure conditions tested in the Cabinet Effects TestI. . series (enclosure size and ventilation rate), the thermal -
environment produced by the fires in the enclosure was not severe.
enough to cause autoignition of ed-Mote materials, but the thermal

. environment may have been severe enough to cause equipment.damage...
- '.'~~- .furthermore, it. appears from these tests that :a cabinet fire will -'t.

-not spread from .the burning cabinet to adjacent'cabinets. However,
' "under different! conditions (e.g., a single wall, larger fires), a

cabinet fire could potentially cause autoignition in adjacent
cabinets and continue to propagate. Based on measurements of '
barrier surface temperatures, the double-wall barrier between .

. .~:' 'cabinets used in these tests appears to have played a crucial rolie..:'.''.
';..nn preventing *c binet-to-cab.inet fire spread during the larger
cabinet fires6.-:The effects :of cable penetrations in the cabinet
surface and 'the potential for spread of fire through such
penetrations were not investigated.

:.. cabinets usd i. t e t s a s to he p d a, c l ro4

For the. enclosure conditions tested, dense smoke."accumulation in .
the room became a problem within minutes after ignition, for all
fuel types and cabinet configurations.

Essentially, the general conclusion at the end of the Cabinet Effects
Tests (Volume 1) was that a cabinet fire can propagate within a single

L'.consisting of a plastic bucket, paper, and I qt of acetone

. A. * .: -
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' '.-cabinet; however, for th'e conditions tested, it 
does not appear that the

a fire poses a threat outside 
the burning cabinet (except for the smoke).: .

a ',Other cabinet ind fuel configurations 
may result in a completely 

different,

.:>:'.outcome., 
: . I. -.- l,

Although these conclusiohs 
'are significant, the tests on which they are .

based have not been replicated 
or validated except as described 

hereafter , i

in the present volume. The most significant data 
to be obtained from the

Room Effects Tests (Part:!I 
as described in this document) 

are the effects . \'

of smoke on the control-room-size 
enclosure. It is also of interest to

: note ttat.'one particular 
test -in this second series (designated 

Test 23)

resulted in al~qualified 
cable cabinet, fire whose 

intensity exceeded that

.of any. fire experienced during 
any prev.ious quallfied cable 

cabinet'fire

< test. This particular. test provides a graphic.demonstration 
of the' *.i

i nherent variability. of f ires and the potential pitfalls of ' .

over-generalizing.the results 
of a limited series of fire 

tests.
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_.~.. . . . -. 2 MATERIALS AND METHODS . . . . I|

2. -,* Test Facility and Instrumentation

The enclosure used for the-tests 
described here is located at the 

Factory . ,.

2 . ..'- Mutual-Research Center (FMRC) 
test site in Rhode Island. The entire test

:. enclosure is itself housed 
within an outer building and thus 

isolated from '

the external environment, The enclosure, shown in Figure 1, is 18.3 .. m

* long,.12.2 m wide, and 6.1 m high (60 ft x 40 ft x 20 ft).. The interior:

in.-) thick Marinite
2 I panels to. s.imulate the-concrete 

Walls encountered ;I ;

in nuclear power plants. The concrete slab that makes up the foundation § .

of the test building served' as the floor of the0enclosure. 
A forced-.

..ventilation system with six inlet 'ports and one outl'et port provided -d

. veiitilation.hrates of from 1 to 
10 room air: changes per hour. 

A detailed

description'of the test enclosure 
is provided in Reference 4.. 

.. . .

The control room mockup, presented 
schematically in Figure 2, included 

six ..;-

"real" electrical control cabinets (three benchboard style, one' mitered-

corner benchboard style, .and two single-bay vertical style). The :

remainder of the mockup was 
constructed of Marinite I panels bolted to *i l

. metal framing material.. The overall height oflthe mockup was 2.4 m. (8

ft).-- Figure 2 gives the actual 
dimensions of each section of 

the control

room mockup.

'Thefollowinginstrumentation 
installed in the test enclosure 

enabled the

monitoring of temperature, heat flux, heat release rate, mass loss, 
smoke

density, gas pressure, gas velocity 
and gas concentration: .

- 31 aspirated thermocouples

-- 59 bare-bead thermocouples

-. - 9 small-sphere calorimeters .

t 9 large-sphere calorimeters

* 6 smoke turbidimeters (smoke 
density meters)

..'-, * . 9 three-dimensional velocity 
probes . .'._:

: -9 gas sampling ports (for oxygen, carbon dioxide, and carbon l

monoxide)

taken.during the tests is contained 
in Reference 4. 

..<?

i *.; I 1 . W . 8.** . , . v>,, , 
1,q,

.1't;. 
2.Marji-Ite-i is a registered trademark 

of the Johns-Manville Corporation 
.. .7-,
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2.2 iest aterials and Artdancznemets - ,

2.2 1 Control Room Mockup

-The control room mockup, 'photographs of which are shown in Figure 3, was - ,
'used to simulate the effects of cabinet'arrangement on the development of
a cabinet fire in the control-room-size test enclosure. The mockup did '

' not represent any particular control room, but its dimensions and
arrangement were based on a survey of plant control rooms, and Jits
confi3uir'ation is generic.[3,5] 'i

2. 2.2.2 -Cabinets . ' ' ' : "!

All the vertical cabinets used in the control room mockup were surplus '
cabinets obtained from a nuclear power plant vendor, while the benchboard
cabinets were constructed specifically for. this test program to
specifications typically used for nuclear pDwer plant...cabinets.[3,5]
Figures 4 through 6 provide dimensional data on the primary cabinets that
were used in the testing. 1'i

2.2.3 Ignition Sources '

2i. Two ignition sources were used in the tests, one transient and one
electrical. The transient. ignition source was made up of a 9.5-1 (2.5-. . I

a gal) polyethylene bucket,' with an open 0.5-kg (16-oz) box of Kimwjpes,3
i.-and 0.946-1 (lqt) of acetone placed in.the bucket. One half of the
. acetone was poured into: the bottom of the bucket, the bottle and remainderi of the acetone were placed in the bucket, and the cap was left off the

l '".plastic bcrttle to simulate the bottle spilling. Also, 15 Kimwipes were
balled up and put in the bottom of the bucket. This ignition sourcei
shown in Figure 7, was 'gnited by an electrically ignited gas pilot light
setting fire to one of the Kimwipes hanging -out of the bucket... This:
ignition source burns at an intensity of *40 kW. (This 'source can be
compared'to the peak fire intensities of 1300 kW observed during testing..)
A more detailed description of this ignition source is provided in
References 3 and 5. The electrical ignition source consisted of A
terminal strip and 25 pieces of stripped.-(unjacketed) cables, shown il . * --- j

Figure 8. This source was ignited by providing *165 W of power to the..
terminal strip, resulting in overheating at the connection and culminatin'e ad 'i
in a fire. The selection and use of these ignition sources. are described

I in more detail in References 3 and 6. .'

4.,i- '. t of ...

. - 3.Kinmipe is a registered trademark of the Kiniberley-Clark Corporation.

* --. * .. *: *
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Figure 3. Photographs.of Control Room Mockup :. . .
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-. l.. figure 8. Photograph of Electrical 
Ignition Source

'2.2.4 In Situ Fuels

source of fuel in the cabinets 
*.It.

Th A'-~ n - usedt - f U6 t6r the prmayst: 
'g.- -;,; Swa 'DO~Sidered:,reasoflable to represent 

al-hfes in tecabinets wi:M~th

cables, which are the largest sourceo n s e ets. o s

plants use I cable; however, some (...%)(5] operat ng;. .. 3.

pcable 
in their control. cabinets.

..both types of.'cable are. still foun Iplns bohtesofcable' Werd .*.

.used inath'6tbsting,. . * .-

.;& .je4EEE.383 qualified cablef. called qualified cable in the text and.

r'desicflated as "Q" cable in-the plots and tables,' was three-conlductor, 'No.

.,.12 A71G, -withO-.76-mm (30-mil) cross-linked polyethylene (XPE) insulationl

* 4fnl .z -s Ii (: on glass tape,.and a 1.65-mm 
(65-mill) cross-linked polyethylene (XPE).f

.'Jacklt., rated at.6
00 V. The unqualified cable, designated as "UJQ" cable

ta. in the -plott-and tables,' was three-conlductor, No.. 12 AWG, with 20/10.

lpoly~athylenbe/polyvlnylchloride 
(PE/PVC) insulation,.-4nd a 45-mil (I. 14 -mm) 

.

polpiy~I~chloride (PVC) jacket. 
. .. 

-, 4 .!i jC

.The. fe lodnsAid thi arrangements.-n the' aies-et-sge.t

be --jen-rl' to -nucleaY,. power plant (NPP) cabinets (as d~scribed- in".

Refeirence'3),- in order to make the applicability of the tests -as wide as...

".possible. The -fuel configurations used in 
these tests were assimilAr as

.posiOble to thos'e-in the Cabiniet Effects Tests.[
31

15.
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Cable bundles, similar to: those used to 
manke 'up the in situ fuel' load in ' i

the burning cabinet,. were placed at eight other locations in the

-enclosure One bundle was placed on 
each adjacent wall in the 

idjacent

cabinet, and one bundle on each opposteii Wl- in the 
adjacent cabinet

The remaining four bundles were placed on top--of various, cabinets 
and

cabinet mockups around the 
enclosure. The purpose of placing these 

cable'' . i

..bundles was to investigate 
the room environment effects 

on.the cables.

: r' , ". 

, 

* ;

2.3. Cabinet'Instrumentation 

..

I; n addition .to.the. instrumentation 
installed in "the test enclosure,'."

'-described .n.'Section 
t2.1.and detailed by Nowlen in 

.Reference' 5, the

-* cat'inets. in the control room mockup were themselves instrumented with

ir or.. surface-mounted 
thermocouples, heat. flux gages, and

X .H'j5: "i>;bidirectional pressure flow.probes. The general arrangement. of this

instrumentation is shown 
in Figure 9. A few other cabinets were'lightly

-' instrumented with thermocouples; however, only the cabinets shown in

-.-Figure 9. were heavily instrumented because they were in the general

1,:, .- ; , location of' the fires. 
. .
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3:i DISCUSSION OF CABINEI

Five cibinet' .and cont'rol room f ir
-Test21 through Test 25,.were cond

'that- Tests .1-20 Involved simpli
Reference 4.) Table i summarizes

,;, --

Table

' -Cabine't'and Control Room
T Test Setup

AND CONTROL ROOM FIRE TESTS ' '

e tests, identified hereafter simply 'as.
lucted at the FMRC test facility.. (Note"'.
e fuel sources and are described -in-
the test setup for Tests. 21 through 25.,.,

1 . , .............. . , r. H

Tests.21 Through 25
Summary

Test ' ' .;
22 23 24 '25 .a*.,

* .X _* * e

?t :er 21

1....

- Locationobf-Fire
-K.. Benchboard Cabinet

Vertical Cabinet C

In4ition -.Source

. .

A:.
. :

; . I

X

I-.

1 - t�
0
41
I.-

L�

t.

I

I .

e.

.4.

;Gas Burner.- !: .X. X
* Transient Source i X

Electrical'Source X *. - . X ., _

: In Situ Fuel-*.. - ......... , : ' ;

~-L --Propylene .X.X
UnQualified Cable X ,
,Unqu Iified Cable. X .

v'. Ven'tilation Rate
I- 1 Room Change/hr X X X X
8 Room Changes/hr. .i . . X

: 3.1 Gas Burner Tests ln Renchboard Cabinets (Tests 21 and 22) ,, . . '.

Test , - . _ a . 91 ;.;- n " ' '

Test 21. used' a O.91-'m- (3-ft-) diameterpropyl'ene siand burner .n the
benchboard CabinetA. 4 K This test was *also reported *on briefly. by :
Nowlen.[4] A description;of.the test and a timeline of the events that
occurred during the test: are provided in Figure 10. The purpose of this .
*test was primarily. to. provide data with a known heat source and rate to. ..
use in validating enclosure instrumentation, previous fire tests (Cabinet ,....

:: '4.Note that tests:.21-2S followed a series of 20 enclosure fire testsin'
the'large-scale test facility, hence. high test numbers. : I,

' >. ' .:18! -5

:: I
I;.... I
,J;j,
.-A.;

4.Note tests ..21-�S followed series

.3.,..- 

-

*
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TEST *; 21 ' PROPYL;-2NE BURNER IN CABINET X*;A, GROWING FIRE TO 516 kW IN .t w

]:,::. . '.' 240 SECONDS .. ;. |-. .:,.:; 
:

f , ~~CABINET STYOLE & VENTILATION: BENCHBOARD CABINET, FRONT VENTILATION .

, , ; ; . . ~GRILL AND OPEN BACKDOOR . .; .

* . ; ~~ROOM VENTILATION RATE: . rm ch/hr.-..................... ...;..:;-;..:
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Effects Tests), and fire models. -However, the-data are also useful. for

Inetgtn h ffects, ofacbntfire 
on an. enclosure. The room

ventilation rate of one room 
change-per hour (rm 'ch/hr) 

is typical of many

,7~ nucletr power plant control 
rooms. The expected actual heat release rate

(HRR) and calculated HRR 
are shown in Figure 11.

--'The-calculated HRR,. evaluated using the 
method-described by Nowlen![4] 

i s_ V

Ni- -no ste'ady' because of' variation 
in the ventilation flow rate and other

factors. The calculated values do, 
however, follow the general 

behavior

and magnitude of the HRR 
profile, which was based 

on gat flow rate.':

The interior of Cabinet 
A was essentially at flame 

temperature because of

-the l arge -flIames produced 
by the burner. Adjacent. cabinet temperat'ures ":

are -shown i~n Figure 12. Cabinet B, the adjacent benchboard 
cabinetJ had a

~ peak wall temperature 'at TC #155 of 
2350C and was still rising when the..:

-bu'rners were shut off. This temperature could potentially 
-damage -cables.

on the wall but would niot have ignited them.i Air 
temperatures in Cabinets

~ ''.B, C, and D were-all 
less: than 1006C when the 

burners were shut off.'

700 
I:.

EXPECTED

600 
- CALCULATED

3' 400

300

200.

100

.:. �A
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I .

I .

Ii
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I

..4
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.~ ~ Figure 11.
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TIME (min
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Heat-Release Rates
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The enclosureenvironment lsdepicted by Figures 13 and 14' the enclosure.
, temperaturesiaind enclosure optical density. The enclosure temperatures at,

Se5cto'r 25 *did not' rise,-over 100OC, although--they were still rising when
tebneswere turned off. The vertical tern'eratuile.stratifi-cation i n

wgnificant in a 0.305' to ' t, :.'ft) range*.
*(but'it.-was significant when the total room height was considered)... Also, .
*as sho6,in -in Figure 13,, there was no obvious hot layer, using the typical
definition' of -.,a "hot layer" as a sudden, large (>100"C/m) temperature

* jump. The smoke obscured -the view inside. the enclosure within' 10 m,.-
after ignition. The smoke-layer could be seen descending from the ceising:
-during the test, as shou n in Figu. e 14. The vsmoke wia's always denser- near

. -.:-- the upper, part of the.. enclosure. However., even at the' 61.82-r (6-ft)
:K.4:7 - evatioh'. in optical.,density (Figure 14) wa's indicative of very poor

. * viTibillith condktions-that developd dquite quickly.." ;. -drn th tet asson. iur 4 h mk a lasdne~er.', . r

-:t ; t .. . :_ : . .: 1*
kiji,

H._' . .KEY,

* ,|' CHANNEL KEY:. . | I

I-\ 200_

a a.

t9- 100

; ',, _.0

| F~- 0.Flg

*IijI
11.

5 :. 1 15

.; . . --. . : TIME (min)

12. Temperatures in Noninvolved

20 25 - 30

Cabinets During Tes~t-21

'y ;he instrument, treelocated
le (see Reference 4).

RI

,"Sector 2" is a designation used to Identil
it the.physical center of the test enclosur

I. .
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__x116 .1. . . :. -1



100

- 60s

'I

.,4 .
I

; :
. lI.

- 0

w 60
* - .- 4

*. {l,

. . w

201

r

l:g 
-Figure

41

* - 10

ut S

'II .. .,. -

.2

~ 
.Fiqui

5 'I

13. Aspirated

. ;1

10 15

TIME (min)

20 25 30

Thermocouple Measurements
During Test 21 .

1. -

at Sector 2

S 10 1S 20 25

.TIME (min)

me 14. Optical Density at Sector 2 During Test 21

22-

_30. .. :

4:

30it



At-I

"~a . .' v > . 5:~ 4, . il

T h I'is: test demonstrated that with a gaseous fuel (propylene), a finr', ""F, a..
.-iZm. grawlkg. to a peak. rate. of 516 kW 'results in only a moderate.-rise in.

enclosure temperature. The obs'erved enclosure peak temperature outside`.
the fire plume of less than IOO1 C would not generally be assumed to result I
in. problems for most equipment; with the possible exception of integrated'-
:'''circuits. The smoke accumulation in the enclosure obscures. the view
i : nside the'encl'osure within 10 min and is potentially f'major problem.
PreVious testing' at FMRC has indicated "Lhat the smoke-generating.proper :.
tes of propylene are quite similar to those of many types of cable

*-.:' Rinsulation so that similar enclosure effects were expected for the f ires'
of simi'lar magnitude involving cable Insulation. . I

Test 22 employed the same setutp as Test 21 except.that the burnier was N
prcgrammed to grow to 1000 kW in 8 min. This test was also designed to
prcvide'data-for..computer.code, enclosure instrumentation, and previousw.

..'test..(Cabiinet -Effects Tests) validation. A description of the test and a
*r.tineli ne of'the events that occurred in the'-test are provided in Figure
15. The expected profile and. calculated heat-release rates are-shown il.
Figure 16.' It should be noted that in this test,. the propylene fuel ;
inventory was . ifsufficient' to maintain the. desired gas flow rate'. Al '
approximately 12 min afte& ignition, test personnel observed that ga!
pressure had fallen from'the initial value of 175 kPa to 133 kPa.(25 psisg.
to' 19 psig). Further observation of the gas pressure indicated that gas7:.
pressure decreased steadily throughout the remainder of the burN'. At the.-
time of scheduled burner shutdown,.a pressure of approximately 91 *kPa (13.;^:
psig) was reached... Thus, the calculated. HRR shown in Figure 16'accuratel .

.reflects the actual fire behavior observed.
. . .. . .. ..........................

'Temperatures in the adjacent cabinets are shown' in Figure 17. The peal.
wall temperature in Cabinet.B is higher than in. Test 21 at 3600C. The

;"L' temperature appears to have: peaked before the burners were turned off.
;'.This is'most ikely-a result of the failure to maintain the desired gas ' ' .

.fl`1i over the course:of the test. Temperatures in this range would not be._ A}!

expected to' result in autoign.ition of either qualified or unqualified
cable, although damage to cables or components is likely to.occur at. these
temperatures. Again, as in Test 21, the adjacent cabinet air temperatures ..

-were all less than'100*C, with the air in'Cabinet B reaching a maximum of
.80' it-14:30 m14 after ignition.80-1: as *3, Min aft

-The peak enclosure temperature in this tests was.107C near' '(5.97 m (19 ft
7-. in]) the ceiling at Sector 2(the room center' location). As inr Test 21,
the temperatures were stratified vertically with a peak temperature at:the

* -F 0.3 x H level, 1.83 m (6 ft), of 62XC. These temperatures are shown in 'I"'
:-:: Figure" 18 for Sector 2. The smoke layer-descended from the ceiling ati a .{>lt

'stedy rate, eventually obscuring the view inside the room within 10 mi.

3.2 Benchboard Cabinet Fire Tests (Tests 23 and 24) ' ' ;

Test 23 was the first Room Effects Test .in which'a 'real" fuel was burned...
IEEI-383-74 qualified cable'(XPE/XPE) was placed inside a benchboard-style.

^.}}..s-. ',- ''. .L}... :s\

_''"'->:.. : :'-... . ' S ' ... w

,<>... ,, .,..., ,': J



T5 :;2PROPYLENE BURNER IN CABINET "A< GflOWING FIRE TO 1000 kW IN.'.;4U0 SECOND5S *t1 |.-,.
- .,CAlBlINET STYLEA V ENTILATION:, BENCHBOARD CABINET, FRONT VENTILATION . :.*

t ! . t ' . GRILL AND OPEN BACKDOOR :::.ROOI1I 
VENTILATION RATE: i rm ch/hr
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.Fi'gure 18..

W
. :. 1

cabinet and used to make up the in: situ fuel configuration. . The
configuration,.was arranged as nearly identical as possible to the
configuration in Preliminary Cabinet Test-5.433] The in situ fuel loading'-:-.;'`

...for Test 23 was 1.55x106 kJ (41.47x10 6 Btu). 'Ignition source. for: this..'..'
test was the transient. source (ibe., a bucket, a box of Kimwipe's, and
0.9 A (I. qt) of acetone). . The cabinet was provided with a bottom front
ventilation.grill, and the door in the rear remained open during the test,
Room ventilation was set. at lfrm ch/hr (0.38 m3/s or 800 ft3/min). . .

: After ignition, the fire began to propagate rapidly up the ignition bundle' ..
-and quickly spread throughout'the cabinet. Unlike.ainy~previous cabinet..- ' -':

test performed at SNLA with-.qualified (XPE/XPE) cable, the fire spread" .' .
throughoutthe entire. cabinet, consuming all the cable. This is-:,-'

- ... attributed to two potential factors. First, as fives are inherently 1'
idifficult to'reproduce. it has been conjectured that the cables were

arranged in i."critical' configuration due to seemingly minor-differences .
It also appears that the soffit above the open cabinet door led to the
formation of a "mini" hot layer within: the cabinet that enhanced the
thermal feedback to the tables, thus accounting for the. much higher'

-intensity than. that observed with qualified cable in a vertical cabinet .
with no such doorway soffit. This event illustrates the influence of the.
so-called critical configuration described in the Cabinet Effects . .*'

Tests.[3] .. . .

A.-
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" description of Test 23 and a timeline showing the events that occurred a
.during the%.test are provided In Figure 19. Figure 20 is a sequence of'

. photographs. taken during *the test. The heat-release rate (HRR) in this
''test.rose rapidly in -10 m- to apeak of 1235 kW, then dropped off within

'another 10 min, as shown in Figure 21. this fife was the most intense ..
fire encountered up to this point in the test effort. :-This fire intensity
exceeded that observed in any of the cabinet effects tests, with either.
qualified or unqualIfied cables. Only Test 24 of this series, involving--\ '.2-'1\
unqualified cable in an. identical configuration and described below,

1ii . resulted-in a rore intense fire. . . . .

The air inside the burning cabinet, as shown-in Figure 22, was effectively :
- at flame temperature until the fire began to, burn down at. around 20
minutes. However, the upper left wall temperature .(TC 145) stayed at
around 7008C. until well . after observable fire activity ceased. . .The *. . ':
continuing' high. temperature was most likely due to a hot spot caused by
* snoldering cables. . Adjacent cabinet air and wall temperatures. are shown
in Figure 23. The peak adjacent cabinet wall temperature was 272PC at
.11:15 min after ignition. As shown in Figure 23 at 11:15.min, the wall -'
tamperature dropped sharply-to approximately cabinet.air temperature (TC:-
; .147). ..The reason for the sharp drop in temperature.appears to be because
the thermocouple on the wall (TC 155) came loose from its attachment to

-; .te wall. . The adjacent cabinet wall temperature would have gone higher,'
llz.';..J.U'- --'-'bit how high is unknown. The peak cabinet air temperature was 1146C in

Clibinet B at 16:30 min after ignition. Total cable weight burned during
ibid 4 . this test was 49.55 kg'(109 lb).

The enclosure temperatures for Sector 2 (temperatures at other locations
are very similar) are shown in Figure 24. The peak temperature, 132C in :
the enclosure at Sector 2 was at the 5.97-m (19-ft:..7-in) level at 13:15 '..,
min after. ignition. As, shown in Figure 24, there is some. vertical i-i
.temperature stratification .in the enclosure. The peak temperature at. the
1.83- n-(6-ft)' level was. 87§C at 15:30 after ignition. During the test,
the smoke'began to obscure the view at the 1.83-m level at 9 minutes. The'.
optical densities at-Sector 2 for three different levels are shown in
Figure 25. The vision distance with a bright light at-an optical density
of 2 m-1 is u0O.86 m. (Unit of optical' density is reciprocal meters, i.e.,
meters to the -I power,. although conversion to visibility distances is'not 11
a linear operation.[4]) An observation made after the test was that there
was -a. thicl'deposit of soot on the cabinets and floor. Also, it took a
bleng time (1 hr) to purge the smoke from the enclosure after the test. ' '

Cable bundles in other cabinets, on top of other cabinets,, and in other.
locations throughout the enclosure did not experience any damage, . ''

';:. 'In Test 24, 'unqualified cable (PE/PVC) was placed inside a benchboard .'- .l
lcabinet. The in situ fuel'configuration for this test was the same as for :
PCT.5.of the Cabinet Effects Tests. As in PCT 5, the ignition source w.1s *
electrical, :provided by a simulated high-resistance buildup. Again. the .

l'. i-'fuel loading was 1.47x106 kJ (*1.44x10b Btu). The room ventilation wa sIntained at' 1 rm ch/hr. Ignition of the cables occurred at a'power of

l 'lls: '* . . " '' ... .'''.'"'
ao.,.i .... Igntio of th cale ;-occur

2_ .
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TEST #:23;*

CABINET STYLE& VENTILATION. BENCHBOARD CABINET, FRONT VENTILATION
GRILL AND OPEN BACKDOOR

IN SITU FUELTYPE A AMOUNT: OUALIFIED CABLE (XPE/XPEJ, l.SS x 10' kJ
.. (1.4T x 10 Btu):'

IGNITION TYPE & AMOUNT: POLYETHYLENE BUCKET, BOX KIMWIPES,
..:. 0.9461 (1 qt.) ACETONE

j
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__ . . ...-. ROOM VENTILATION RATE: lrmch/hr .:- .- ::/: -

.: .-. ._.. . ._.-CONDITIONS AT-TEST START: TEMPERATURE 130 C..RELATIVE HUMIDITY 43%h
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:Figure 19. Description and T,imeline for Test 23 3. ;, ; . 't\
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>)ti':: io 17 U through the circuit used to provide the high-resistance~buildup';;''

s:.The fire burned and propagated inmuch the same mannerrasitdid in PCI 5.
'X';->'~ ' A 'large. quantity of soot was deposited on the cabinet, and on the w'alls-. 4.
t''i 'and floor of the facility. Figure 26 provides a description, and a ~',-
*i. ,*: . timeline giving *the hi'ghlights of Test 24; Figure. 27 is a sequence .of ':' [.
^'..A|L.- :. :photographs illustrating this test. The curve shown in Figure 28 reveals'" .: V

tt$S;t- *that the heat-release. rate peaked at an intensity of 1300 kW 27:30 mm ....

t~i*,t--.:.' i nto the .test, 12:10 miih;after ignition. It took approximate]y 6 ffiin for.. f

> '.-' .the fire *to Ibecome large enough to register on the instrumentation, but' -:.

S 2- i" very shortly. thereafter. the H R R peaked, indicating an extremely high rate ..................................... :t.
r t}*wi$*lS:of combust'loh-^ The mass-.loss instrumentation did :not function properly '::

E "....-.::during Test 24,.so no data'were recorded from which the rate of mnass loss '
* :''"could be computed.~ However, posttest examination showed *that--the total ..:

lES^ -- mass loss was 50 kg (110 lb). Once the combustibles h'ad been exhausted, -'

t -the fire died out as quickly as it had risen. . *:. .C. . - r. *S.5 *
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.1.

. .',,Figure 29 'is' a plot of.te'mpratures 
inside Cabinet A during Test 24. .It. 

:..:- ;

:.; .shows that .the cabinet's interior -essentially reached the .flame
Figeaure 29 nis e plot of.r b~pe-aue nieCbntAduigTs 4. t

temperature once the fire began to spread. 
Flames were,' in fact, observed

,';:coming out of the cabinet neirte top of-the 
door. There appeared to be

ombustion of-the gases in~the top of the cabinet. Figure 30 is a plot of

temperatures inside Cabinet B, the adjacent 
cabihet, during-Test 24. The .4

peak temperature in Cabinet B reached onl'y 90C :at 34' min, but the right;:

cabin t wall recorded a temperature of 3190C at 32:30 
mi (18:40 and 17:10 .. :- !

postiginition, respectively).:. . , ' I ,-

'- (tempratres apt other air temperatures at Sector 2 of'the test enclosure 
otu,

'temperatures at other locations were similar to those 
at.Sector 2).!. At

the 5.97- m'(19-ft 7-in) elevation, the peak of 121C was reached at 29§45

i mi:-;;at 1.83 m.(6 ft) above the'floor, the highest temperature recorded

J.75wC at 32:16 min (14:25 and 16:54 postignition, respectively). ,Some.

er.tkial temperature-stratification is apparent, but' not as much as in-

UTest;23 with qualified cabld.'.: The temperatures seen itn Test 24 are below -

i ~.r;.-..daniage levels for'.most equipment 'and cables, with .the possible exception.- '

tpw a of inrtegrated. circuits. .Figure 32 indicates the gradual descent-.o.f. the

smoke layer as the test progressed. Smoke completely obscured the'view '

- 35':
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-from the front of the enclosure of the 1.8-. (6-ft) level beginning y :
-- approximately at 15 min after ignition-,< This visual observation is .
somewhat at variance with"the plot, which shows an optical density of I m.
1 at 27 min, or 12 min after ignition, shortly )rior..to the ti'me-at which '
smoke was visually observed to obscure vision. .

S . .Significantly'more soot was observed to have been deposited on the floor
and cabinets than had been seen in Test 23. or in any of the Cabinet ::
Effects Tests; There are three likely causes, which may have operated-_- -jh,.;."
separately or in combination to produce this result:'; ..() the recordedA- :'-
relative. humidity' of 71% (this parameter never reached that 'value in the
Cabinet Effects-Tests), (2) the use of unqualified cable as the' in situ
fuel'; or (3) the low'ventilation rate (1 rm ch/hr) compared to the Cabinet ':

'.: Effects Tests. This discussion is' carried further by Jacobus in Reference
. -7. As in Test 23, no damage to cables outside the burning cabinet.was :.":

i~9;;..;'observed.'.-. .,Jt

.3.3 Vertical Cabinet Fire Test (Test 25) .l

The last test performed was Test 25, in which unqualified'cable (PE/PVC):: .
was burned inside a vertical cabinet... The iO situ 'fuel arrangement' and...
amount were approximately the same as in- PCT 2.[3] Approximately.,
'.05xiO6 k'J (l OxI06 Btu) of cable insulation was loaded into the vertical' :
cabinet. The doors to the cabinet were left open throughout. the test.
Ignition was induced-by simulated electrical high-resistance heat buildup. '
(in PCT 2j the equivalent:test from'Par.t I of the test series, a transient ' -'

ignition source was used). Room ventilation was maintained at an exchange . i
rate of' 8 rm ch/hr (6400 ft3/min) to investigate the effect of high -
ventilation rates. The fire propagated in much the same way it did In PCTI'

T. . 2_ consuming: most of the cables except. a few near the floor of' the--:
I...W~i. cabinet- - -,tt

Figure 33 is a description and timeline, showing significant events during
Test 25." 'Figure 34 its -a sequence of photographs taken during.the test...' .

* (times shown are after ignition). The heat-release-rate curve 'shown in
"Figure 35 shows an 840 kW'peak at 22 min into the. test, 6:20 min after . ..: i
ignition.... This is:compared to the approximate peak HRR of 995 kW seen at
12' min after lgnition.in PCT, 2.' The fire appears to have;spread much more

- ;T."z quickly in .th.ls test than it'did in Test 24, when peak HRR was not reached ..
-9 until 12 min :after: electrical ignition. The fire grew very quickly ye t- '.

Rr.m -. died down slowly#-compar.ed with Tests 23 and 24. -The most probable causes
. f. o V this difference 'in fire. behavior were that in Test 25, the fuel was

Eji :' :more widely dispersed horizontally, and there were fewer vertical cable .
...,runs in the' cabinet; thusi it reached a lower peak HRR.sooner and'burned

at a lower.rate for a longer':period.

-In this test,;'a smoke detector was mounted on the ceiling of 4he cabinet
directly' above the electrical ignition source. A.second'detector was also.''*'
placed on 'the ceillng of 'em&ote cabinet "F", 'as shown in Figure. 2. Thb
purpose of the smoke detector was to determine when a typical in-cabinet

I . .' 'f .') -$|.eun

.7:I.T
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.8 rm c/hr and then smoothed 
.

:detectorwould detect smoke' from an electrical. ignition source. such a's

that used here; .Smoke was visually observedaf1na 
very small amount,.from'

"---_ the electrical ignition source at 9.5 min after the 
source was turned on

or 6 min prior to actual ignition. The detector within the source cabinet

signaled smoke-detection at' approximately 10.5 min after the source was

turned on,. or:approximately;l min after visual detection of smoke. The

.second detector in the remote cabinet did not activate until 25.5 mm

afttr the source was turned on, 10 min after actual ignition. This :... ....

experiment showed only that the..in-cabinet-detector 
.(source cabiniet) culd:'

detect smoke from the electrical ignition source before a fire actually '-."

* stirted..-ŽHad -the 'doors on' the cabinet 
'been closed, the smoke might have

beeni.detected'earlier (due'to 'smoke accumulation In the' cabinet).. Also,

;; this detector had been placed.in the 
optimum locations based on pre-event,

;;'7f.knowledge of the fire source's 
location, for detection of.the source...

* Figure 36 shows temperatures; recorded 
at three different.locations within

.( r .the subJect! '4binet) during test 25.

-t': ...temperattres are substantially lower than the.corresponding temperatures

*in the earlidv, tests (400 versusA800tC). 'Again, hblamost.:probable cause

was the great horizontal dispersal of the 
fuel in the benchboard cabinet.

- Figure 37 portrays .the air temperature at the high. center location i'n

Cabinlet B (the cabinet nearest-the subject 
cabinet) during Test 25. This: -. ;

para 'e-r-never exceeded 25'C,; which was reached at 34 
min.into the test

;: -41
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'(18 m * after ignition). Note from. Figure.2 that there were no cabinet . X
'Mmediatoly.adJacent. to Cabinet C, so there are no data available on
~ .e:'bi temperatures in "adjacent" cabinets. . . .

Figure 38 shows temperature profiles at Sector 2. of the test. enclosure .
during Test 25 (similar, to the profiles :at other locations). : Peak . ,..

':- -.4s<temperature--at the 5.97-m (19-ft 7-in.) level was 62*C at 25 min (9 min ' .,i
* after ignition). At:the 1.83-m (6-ft) level, the peak was 32oC at 27 min
^"'. (11 min after. ignition).. Overall, 'the temperatures experienced were-.
* relatively low. 'As usual",-there was some vertical temperature

stratification in the enclosure. The higher ventilation rate in this '

.test, pumping 6400 ft3/min of cold air into the enclosure, may have held..
temperatures.down. Figure 39 depicts the recorded optical density data-

."for..Test 25. ..Visual observations were that smoke did not begin to obscure-
-. 'the view at'-the 1.83 m :(6 ft) elevation until 30 min (14 min after

ignition); the data indicate obscuration at this level .beginning at 23 min'
- . '' (7 mi after ignition); This disagreement between optical density

instrumentation data 'and visual observation is more pronounced in this
test: than in any of the others. This discrepancy-may be a result of the'

- . partitioning effects of the cabinets. Measurements were made at the room
: ','center.. in front of the cabinets, while observations were made from the

- backside viewing windows.: Optical densities appear to' be lower in this
test, presumably because.of the high ventilation rate'.
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.' " -I.''CONCLUSIONS 'A

These "bloom Effects Tests" provided validation of the "Cabinet Effects
Tests" in showing that, for similar configurations, the fires could be
duplicated and burn in much the same way. In:.addition, with both types. of -

ignition sources, the tesiis: provide confirmation that the threat of ' Ii.
spontaneous. (non-piloted) ignition to an adjacent cabinet (assuming a '.
double wall-,between cabinets), from high temperature either on the adjacent
cabinet wall or ih the adjacent cabinet--i-s small. Typical adjacent
cabinet'air temperatures during the fire were less than 120@C. For most

.. ''*- equipment, with the possible exception of integrated circuits', these'
temperatures will probably not result in operational failure. Some types

I;., f-sensitive control circuits could be expected to experience calibration ' :
shifts at these temperatures as well.; Adjacent cabinet wall temperatures
reached as high as 360'C, which may cause failure. of cables. and of'" .
equipment mounted very near this wall. Again, the double-barrier cabinet .. :;
wall configuration was most likely responsible for moderating-.will.:...,
temperatures. It was also demonstrated during this test phase that given'

* the right configuration of cabinet, ignition source, and in situ fuel, the.
.t r: ,IEEE:38&l qualified cable (XPE/XPE) could result in a quickly propagating .
'W! -igjntense fire that. would burn all the fuel in the cabinet.

i t.;'.Coklutions relating to the effect of a cabinet fireon a control-room-'
' size enclosure are as follows:

* '-- '. the smoke begins to: obscure the view ,inside' the enclosure
' within 6 to 15 min after ignition, even in-th-el'arge enclosure. . ...

fThe time to obscuration is slightly longer 'at the higher
:.4. . venti.1ation atpesumably due ,to enhanced 'lu lnofte.:-'."' .

'.smoke.. .A ventilation rate of 8 rm ch/hr was not;high enough to .
effectively purge the smoke from the enclosure. It appears
that significantly :higher air exchange-jrates and a .

>;.i": reconfiguration offthe system.with inlets at floor level will
be required to purge the smoke from the enclosure. This aspect
wa fully:investigated.

.. No true uniform'"hot layer," as often indicated by a
significant temperature discontinuity, developed in the

I '.enclosure; ra ther there is significant vertical temperature..
stratification. Peak temperatures (near the enclosure ceiling ' -:
outsilde. the -fire plume) are typically less. than 150eC even
given fires on the;order of 1 MW in: intensity. This . -

temperature does not pose a threat 'from' autoignition. . The
,..'.4',,.a.., :, enclosure~temperatture's: in these tests~were lower than thosie in ::t..'~

the' Cabin'et Effects'..ests because of the larger enclosure '-I.
J volume, even though lower relative ventilation rates were used.--'

; :These tests did not investigate the isolation.f fgroups of .1
u j .2..'cabinets. from: the; general enclosure, as' is often done for.-

.PA .ventilati'dn-purposes. Such isolation of cabinets could result
I ti\..in signifiantly highdr' local .temperatures, because one is in

effect crdating a small room within the larger enclosure-;-------__

'. .
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; . The:.amount of soot deposition from burning cable fires (which'

could cause .shorting in some components in the enclosure)

--appears to be a function of fire development 
rate, Ventilation

rate, and humidity in the enclosure. 
In all cases fairly.heavy

soot deposition throughout the enclosure was observed.

'Further, it was. found that in the case of unqualified cables

t:< '- this soot was 'heavily loaded -with chlorides, raising the -;;1:"

possibility that if combined with moisture a highly acidic

solution could result (see Reference 
7).

It should be noted that'these tests 
are very configuration-specific, that

is, with different cabinet types and configurations, In situ fuels and.-

l''.oadings, .:and ignition sources,. the fires could have burned equite :.:il

: differently. The dati from these tests should be 
extrapolated with care.

Test 23 was particularly significant 
in.this respect. As a. result of the, .

Cabinet Effects.Tests,: it-was initially concluded..that use of IEEE-383-

qualified cable would significantly reduce the potential intensity"'of a

cabinet fire. The intensity of the fire in Test 23, 
1235 kW peak release ".

rate, was exceeded in both test series 
only by Test 24,- at 1300 kW. This ' I j11

test clearly demonstrates the inherent variability of fires, and that, -

. .--given.the.proper circumstances, a 
quite severe fire in qualified cables.is 

-

a realistic possibility..- 
' .. .

No effort was made to determine' the 
capability of a nuclear power planto

shut down in the event of a cabinet 
fire. In addition (although there ire --

data available), no: effort was. made to evaluate the. combustion-product'..:

g4 , gases and their effects on operators. For the configurations tested,.it 
.

. appears that the most significant problems with respect to the enclosure 
%'¶JA

--'-... environment that could .arise are those 
related to obscuration.of.:the view'

: -within the enclosure and to the inability to. purge. the shmoke- from the 4

-..'.'enclosure.: Due to the rapid build-up of smoke and the resulting.-.*:

.§degradatiO of:visibility conditions, operator,:effectiveness in such;

. .. : sittations, would b'e severely. compromised, probably to the point of,

essentially no effectiveness. 
.. .

Cables that were placed in adjacent cabinets and throughout the enclosure.6,

showed no :sign of significant damage externally or internally: (except J

i:Elarge deposits of soot). Cables in adjacent.Cabinet B experienced 
some.

-'elting of the.jacket.(6f one cable on 
the right wall), although there was-.:. 

ts

. no shorting -of the Internal conductors and no sign of potential .

autoignition. While {adjacent cabinet temperatures did not pose in-

autoignition problem, .some sensitive items of control equipment,: .

particularly those :based on integrated circuits, may experience

* calibration drifts and/dr failures at the observed temperatures.:. This.:-

* question was not directly investigated... This series of tests did nitilv &'-

address' the potential. for spread' of fire beyond the cabinet of origin ii?..

* through-cables penetrating the cabinet surfaces. * Given the 
intensity of

-the observed fires this potential cannot 
be.discounted..

.' ': . . . . :
* ': '.. . - - *746e.
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