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ASSESSMENT OF EXTENT AND DEGREE OF THERMAL DAMAGE 

TO POLYMERIC MATERIALS IN THE THREE MILE ISLAND 

UNIT 2 REACTOR BUILDING 

ABSTRACT 

Thermal damage to susceptible materials in accessible regions of the 

TMI-2 reactor building shows daffiage-distribution patterns that indicate 

non-uniform intensity of exposure. No clear explanation for non-uniformity is 

found in existing evidence; e. g., in some regions a lack of thermally 

susceptible materials frustr�tes analysis. Elsewhere, burned materials are 

present next to materials that seem similar but appear unscathed--leading to 

conjecture that the latter materials preferentially absorb water vapor during 

periods of high local steam concentration. Most of the polar crane pendant 

shows heavy burns on one half of its circumferential surface. This evidence 

suggests that the polar crane pendant side that experienced heaviest burn 

damage was exposed to intense radiant energy from a transient fire plume in 

the reactor containment volume. Tests and simple heat-transfer calculations 

based on pressure and temperature records from the accident show that the 

atmosphere inside the reactor buildinq was probably 8% hydrogen in air, a 

value not inconsistent with the extent of burn damage. 

Burn-pattern geography indicates uniform thermai exposure in the dome 

v olume to the 406-ft level (about 6 ft below the polar crane girder), partial 

thermal exposur-e in the volume between the 406- and 347-ft levels as indicated 

by the polar crane cable, and lack of damage to most thermally susceptible 

materials in the west quadrant of the reactor building; some evidence of 

t hermal exposure is seen in the free volume between the 305- and 347-ft levels • 
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INTRODUCTION AND BACKGROUND 

Ignition of the hydrogen-and-a ir mixture formed after the breach of the 

reactor coolant drain-tank rupture disk resulted in nominal thermal and 

overpressure damage to susceptible materials in all accessible regions of the 

reactor build ing. The initiation of burn and the subsequent termination of 

induced f ires are indicated by data from a variety of pressure and temperature 

sensors located throughout the containment volume. The activation of the 

building spray :;ystem is defined by inflection and increase in the negative 

slope of interior-temperature-cooling and pressure-reduction curves.1 

Estimates of hydrogen concentration [H] from maximum measured pressure 

·indicate that [H] ( in volume% ) was <10%. Arguments based on exhaustive 

analysis of available data suggest that [H] was approximately 8%. 1 
At this 

concentration, propagation of flame is possible upward and horizontally in 

quiescent conditions, but not downward. Ho��ver, turbulent conditions, 

established circulation patterns, and the ambient absolute humidity of the 

mixture can perturb propagation patterns in ways that are only qualitatively 

understood.2•3 Assuming uniform mixing of the 8% mixture and induction of 

adequate turbulence in internal circulation flows, flame speeds up to 5 m/s 

are possible--even in the presence of saturated steam environments.4 Given 

that no operational ignition sources are available in the reactor building 

above the 305-ft level, the time delay to achieve peak overpressure is 

consistent with an ignition location in the basement, especially in view of 

the basement water spillage and the frequent steam release from the reactor 

coolant drain-tank pressure-release system. 

Internal thermal damage to fine fuels* indicates the general exposure to 

f ire of all susceptible interior surfaces, with the exception of random items 

including fabric ties of unknown composition, 2 x 4 framing lumber on both the 

305-ft and 347-ft levels, and various polymeric materials. This lack of 
damage is apparent from photographic and video surveys and has been visually 

reconfirmed by various entry participants. This pattern is reported in 

* Fine fuel is defined as a flammable material with high surface-to-volume 

ratio. 
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several informal reports.* Subsequent entries showed more regions where there 

i s  burn damage, but no region where there is unexpected lack of thermal 
damage. Conjecture as to the reason for these undamaged items includes: 

• Preferential absorption of water from saturated atmosphere, increasing 

the thermal exposure required to produce thermal damage. 

• Direct exposure to high-concentration steam and water vapor, resulting 

in the same effect. 

• S hielding from thermal radiation by position or geometric obscuration. 

• Shielding from the expanding flame front or convectively driven hot 

gases by physical obstruction. 

OVERPRESSURIZATION EVIDENCE IN AND AROUND 

THE ENCLOSED STAIRWELL AND ELEVATOR COMPLEX 

(NORTHEAST) ON BOTH THE 305-FT AND 347-FT LEVELS 

Damage to the elevator and stairwell doors indicates internal 

pressurization of both the stairwell and the elevator. Moreover, the metal 

floor plat� in front of the elevator door on the 305-ft level was displaced. 

On the 347-ft level to the east and west side of the enc losed elevator, 

b arrels containing unknown levels of oil were distorted to various degrees. 

If the common enclosure for elevator and stairwell :ommunicates directly 

t o  the basement, ignition of a near-lower-limit hydrogen-and-air mixture in 

this volume could produce a damaging pressure differential rate because the 

containment volume is fjnite and adiabatic expansion is constrained.2 

Movement of the floor plate on the 305-ft level is possible via pressure 

reaction from the elevator shaft. 

An alternative scenario to explain elevator door distortion is potential 

H2 enrichment of the elevator and stairwell enclosure during H2 production 

* Photographs of areas and. i terns discussed in this "Introduction and 

Background" section are located in Refs. 5 and 6. 
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periods. Lack of circulation pa�hs coulJ provide a reservoir for a higher­

concentration hydrogen-and-air mixture, which would produce a faster local 

pressure rise--overwhelming the venting cap�bilities of door gaps. 

A third possible pressurization potential results from a temperature r1se 

c aused by volumetric flame expansion throughout the reactor building, causing 

a general pressure increase. For most sites, this pressure rise would 

correlate directly to flame propagation duration and would equilibrate. 

However, in relatively tight volumes like the enclosed elevator, the rate of 

pressure rise may be faster than the venting capabilities of openings, causing 

the resulting damage. 

Damage to the barrels could be overpressure-related and different extents 

of damage could result from different levels of different contents. However, 

no other cabinets, tool boxes, dial faces, or electrical boxes indicate 

unequilibrated pressure distortion in any areas photographed or reported by 

entry personne 1. 
Another explanation for observed barrel damage is to attribute distortion 

to rapid quenching of heated, slightly sealed volumes. Again, the content 

level and volatility would contribute to degree of distortion. Here, 

relatively slow heating (duration 10-40 s) can allow gas in the barrel to 

escape through a poor seal. Upon rapid cooling (from exposure to containment 

spray systems ) , interior gases experience pressure reduction. If cooling rate 

is rapid, inward gas leakage may be frustrated because of pressure enhancement 

of the seal, and when differential pressure is adequate, permanent distortion 

results. 

Without having the opportunity to closely examine either the subject 

barrels or the doors to the enclosed elevator and stairwell complex, it is 

impossible to unequivocally define the processes causing the observed damage. 

However, on the basis of location and appearance, it is likely that local and 

independent phenomena (within the total dynamics of hydrogen burn) were 

responsible for this pressure-related damage evidence. 

Most items susceptible to thermal degradation on and above the 347-ft 

level suffered some photographically apparent thermal damage. On the 305-ft 

level evidence of burn damage was not extensive. Yet close scrutiny by 

personnel interested in such observations has found adequate charred and 

melted items to confirm the presence of a combustion front at most locations 

o n  this level.7 Insufficient photographic or video data is available to 
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confirm the presence of burn damage below the 305-ft level. However, this 

region contained most, if not all, of the active electrical circuits that 

could (either during normal operation or electrical shorting ) provide adequate 

ener·gy for ignition. Since electrical components in reactors are required to 

be intrinsically safe, it is likely that ignition resulted during arcing 

failure of an electrical apparatus component, probably in the basement. 

NEW WORK 

Past work in this project focused on identification of burn damage 

l ocation and patterns at various levels and regions in the containment. The 

purpose for this assay was to define localized fire-flow patterns and 

intensity levels, if possible. Although photographic surveys of 

in-containment vistas, ensembles, items, and surfaces were abundant 

( approximately 600 photos from 29 entries ), clarity of the burn detail in most 

photographs was not adequate for diagnostic purposes. However, the extent of 

thermal damage was defined ( and is indicated in Figs. 1 through 5 ) as regions 

where thermdlly degraded materials were located, photographed, and, in some 

cases, extracted from the reactor building for further close examination. 

' 

These figures show that thermal damage exists in the following areas: 

• The reactor building dome. 

• In most free-volume regions above the 347-ft levE:l ( except the 

southeast section ) . 

• In most free-volume regions.of the 305-ft level ( except the northern 

and western seismic ring areas ) . 

Areas containing thermally susceptible materials that apparently do not 

exhibit thermal degradation are: 

• The 347-ft level--southeast to southwest along the 0-rir.g. 

• The 305-ft level--the region of the equipment hatch �nd on the 

northern extent of the fuel storage pond at the containment wall. 

To obtain insight i,1to conditiJns existing before and auring the hydrogen 

b urn, temperature records were surveyed from data recorded on a multipoint 

temperature-measurement system.
8 A summary of these data is presented in 

Table 1. Data were recorded progressively every 6 min; the times of the 

transient phenomena were assumed by extrapolation from temperature-change 

5 
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data. However, good data prior to core uncovering show that l ower-level 

temperatures averaged l ess than 100°F (37 .8°C), while dome temperatures 

w ere roughly l 30°F (54. 4°C). After core uncovering, temperature in 

basement areas increased rapidl y whil e dome temperatures remained essential l y  

�onstant. The cycles of thesP temperature data are correspondingly simil ar up 

to the time of the hydrogen burn. After the hydrogen burn, th_e dome 

temperature showed a substantial rise (as did the temperature inside the 

encl osed stairwel l ). Throughout this total period, the temperature at the 

primary reactor shiel d increased from 4°F to 10°F (2°C to 5°C), 

indicating l ittle thermal or convective energy transfer near the exterior core 

vol ume. The average air temperature rise post hydrogen burn* increased from 

LIT= 3 fF (17°C) in regions at or bel ow the 305-ft l evel to liT = 

50°
F (25°C) in regions of the dome. This is in direct correl ation to both 

the extent and degree of thermal damage indicated by photographic evidence; 

i.e., larger free vol ume, l onger fl ame duration, and fewer heat-loss surfaces 

contributed to higher average bulk air temperatures in the dome rel ative to 

other areas where constrained conditions provided ampl e heat-loss mechanisms. 

The same geometric heat-transfer effects should hol d true during and after 

passage of a fl ame front, and corresponding thermal damage to materials shoul d 

be complementary. 

Ignition of a uniformly distributed near-lower-limit mixture of hydrogen 

in air, spreading orom basement ignition sources to the top of the reactor 

building dome by turbulent propaga�ion modes, occurred in the time period 

defined by measured OTSG pressure gauges. The flame front would have been 

approximately 1 em thick at an adiabatic flame temperature of about 1000°K. 

The eAdCt paths of flame propagation are undefined. Because of the low 

hydrogen concentration, preferential f'lame spread was upward in quiescent 

atmosphere. However, air motion produced by reactor building coolers, 

steam/hydrogen rel ease from the discharge duct of the reactor-coolant drain 

tank, and natural convection processes ensured that turbulent f low conditions 

existed which coul d greatl y modify flame spread rates. The exit of the 

discharge duct is located near the west open stairway on the undersurface of 

* This is temperature rise computed at times just before and after the 

hydrogen burn. 
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the 305-ft plane. In Ref. 1, Henri and Postma conclude that the primary paths 

for entry of the reactor gas mixture to the total reactor building were 

through the open stairwell. How these gases from the discharge duct  

interacted with total ventilation patterns is  not defined. This may be a moot 

point since, by the time ignition occurred, hydrogen in the reactor building 

w as u ndoubtedly uniformly mixed. The ignition source responsible for 

initiation of the hydrogen burn is undefined. Several circuit boxes, 

i nstrument racks, meters, and controllers exist in various locations around 

O-shields and containment walls in the basem�nt. The heights of these items 

a bove the basement floor are undefined. This knowledge is of interest since 

all electrical service is, by code, designed to be explosion-proof and a 

p otential mode for failure of the circuit components may be by immersion in 

water. Another ignition source potential is related to the activities of 

plant operators to control core and reactor building conditions. Activation 

of valves, pumps, etc. in critical locations could produce ignition arcs from 

control components perturbed by thermal or mechanical effects of reactor 

e xcursion.9 
No obstructions around the inner perimeter of the reactor 

building block or blind the flow of gases outside of the 0-shield. 

Approximately 10% of the cooled gases from the cooling system plenum (25,000 

f t3/min) is distributed to this area via committed ducting. The only exit 

paths for these gases are the seismic gap and the open stairwell. Thus, if 

ignition occurred from sources away from the open stairwell, the preferred 

flame propagation path would be upward through the seismic gap. Horizontal 

spread would occur, but at a slower rate, even during turbulent propagation 

conditions. As yet, identification of specific ignition sources is not 

possible from available documentation. However, ampl e evidence exists on the 

347-ft level to confirm flame propagation through the seismic gap regions. 

Figure 6 shows photographs of plywood on the reactor building south wall 

and remains of an instruction or maintenance manual located on the reactor 

building north wall, both ignited by fire propagation through the seismic 

gap. Note in Fig. 6a that wires along the wall also exhibit burn trauma. 

Figures 6c and 6d show the front and rear surface of the plywood panel after 

it was extracted from the reactor building. Both sides are charred, as are 

edges and holes through which wire ties penetrate. Surface char condition 

indicates that the panel ignited to flaming combustion for a short period 

before self-extinguishing or being quenched by the reactor spray system. 

7 



Re g a rdl e s s  o f  the i gn i ti o n  so urce l o ca ti on ,  i t  i s  a p p a ren t tha t a 

hydro ge n- a nd -a i r  fl ame f ro n t  tra ve rsed mo st of the �ea cto r b ui ldi n g  v o l ume 

above (an d  prob ab l y  b e l ow )  the 305-ft l e ve l . The durati o n  of this p ro p a g a ti o n  

w a s  abo ut 1 2  s ,  a nd thermal  e xpo s ure to comb us ti b l e  o r  the rma l l y  s e ns i ti ve 

s ur face s was  s uff i c i e n t  to pro duc e  the r�a l dama ge an d/ o r  i gn i ti o n  o f  the s e  

m a te ri a ls ,  e s pe ci a l l y  i n  re gi o n s  w he re the v o l ume o f  the c o mb us ti on p l ume was  

o p ti c a l l y  thi ck . 

The p e ak p re s s ure ri se  o f  a bo ut 28 p si duri n g  the hydro gen b urn in di ca tes 

tha t the rea cti o n  too k  p l ac e  i n  a mi x ture o f  about 8% hydro gen i n  a i r. The 

a d i a b a ti c temperature ri se duri n g  combus tion o f  a n  8% hydro ge n-i n -a i r mi x ture 

i s  a b o ut l 000°K. C a l c ula te d  expos ure ra di a ti ve a n d  con vec ti ve f lux (qt) 

f rom o p ti ca l l y  thi ck co mb us tion p l ume s is : 

2. 2 W/c m
2 

< q
t < 4. 5 Wic m 2* 

Thi s ran ge i s  a pp roxi ma te s i nce we a s s ume v a 1ue s fo r c omb us tio n plume 

em i ttan ce (E) w hi c h  may be i n  e rro r. It i s  qui te po s s i b le tha t E co uld b e  

l a rge r  f o r  o p ti ca l l y  thi ck hydro gen comb ustio n plumes . 10 

EXAMINATION OF TMI MATERIALS 

To e s ti ma te the i n ten s i ty of the rma l e xpo s ure to da ma ge d  ma te ria ls, i t  is 

n ece ssa ry to e x a mi ne the i r co n di tion a n d  de te rmin e the ir co mpo siti on so tha t 

the rma l da ma ge pa ttern s can be analy ze d. Photo g ra phic e vide nce is in adequate 

fo r s uch a p p ra isa l . We re que s te d  the o ppo rtun i ty to e xa mi n e  ma teria ls re mo ve d 

fro m the reac to r  b ui ldin g an d re co mmen de d  remo va l o f  additio n a l  ma te ria ls fo r 

a n a lys i s .  To da te ,  the fo llow in g mate ria ls ha ve been ma de a va ilab le fo r o ur 

e xa mi n a ti o n :  

* Appen dix A o utl ine s  the ca lculatio n .  

8 



Level 305 

• Po lypropy len e 
b uc ket 

Lev el 347 

• Plywo o d  b oard 

• Wood from too l  box 

� Two ra di a ti on si gns 

• Hem p  and p olyp ropylen e 
rope 

• Ca talo g r ema i n s  

• Telephon e an d 
associated wir e 

Po la r C ran e 

• Fi re exti n gu i sh er 

• Po lar c r an e  p en da n t  
a n d  c o n tro l b o x  

Th es e m a ter i a ls reta i n  res i du a l  r adi oac ti v e  c o n tami n a ti on .  Co n s equ ently ,  a ll 

exami n a ti on mu s t  b e  performed un der r a d-s afe con di ti o n s . Moreov er, c hemi c a l 

o r  phys i ca l  a n a lyti c a l  proc edur es c an o n ly b e  don e o n  i n s tru men ts that a r e  

con tami n a ted , or  c a n  b e  ea si ly dec on tami na ted . We were u n ab le to loc a te 

expendable di a gnos ti c  equ i pmen t; therefor e, o u r  exam i n a ti on o f  extr ac ted 

mater i a ls w a s  li mi ted to deta i led pho to g ra phy an d mac roscopi c  ob s erva ti ons . 

THE RMAL MEASUREME NTS ON E XEMPLAR MATE RIALS 

To au g men t thi s ana lys i s, we loc a ted exa mplar ma ter i a ls whi c h  a re 

g en er i ca lly s imi lar to tho s e  remov ed f ro m  the reac to r  b u i ldi n g .  Respons e 

p ro perti es o f  the exempla r ma teri a ls were mea s u r ed i n  a ther ma l  gra v i m etri c 

a na ly zer ( TGA ) to a s c erta i n  the temper a tu re ran ge o f  therma l deg rada ti o n  a n d  

wei gh t- lo s s  ra tes . Fi g u res 7 ,  8 ,  an d 9 s ho w  TGA pa ttern s fo r three of thes e 

m a ter i a ls :  

• N BS-ABS, a s ta n da rd m a teri al u s ed a s  a c o n tro l f o r  s mok e tes ts . ABS 

i s  ac rylo n i tri le b u ta di en e s tyren e, s i mi la r  to telepho n e  b ody ma teri a l. 

• E lec tron i c s termi n a l  mate ri a l  (ABS) . 

• Red rubber f i r e ho se. 

Th ermo grams a r e  o b �a i n ed by i s o therma lly hea ti ng mi lli g ra m- s i zed s a mples of 

mater i a ls ,  s u p po r ted o n  a mi c ro ba lan c e, at a cons tan tly i nc r eas i n g  

temper a tu r e  rate. Wei ght loss with temper a tu re i n di c a tes therma l degrada ti on 

mo de an d mec han i s m. Res u lti n g  data help i den ti fy the ma ter i a l  an d eff ec ts o f  

9 



add i t iv es o n  t hermal b eh av ior. Al so ,  th e temp erat u re r an ge of maximu m wei ght 

l o ss in di cat es c r i ti ca l  con dit io n s  for p r o du cin g pot en tial ly ign i t a b le 

pyro ly za te s. 

Th e se f igures a re inc lu de d  t o  illu str ate how diffe rent TGA recor ds c an b e  

u se d  t o  a n �lyze performa n ce o f  e xpo su re ma terials. Fi gure 7 show s t h a t  

NBS-ABS c ommences ma jor we i gh t  lo ss a t  370°C an d termi n a t es at 500°C .  

Mos t  f lammab le pyro lyzate s are emit t ed i n  t his ran ge ,  lea v in g  a bout 20% i nert 

materia l as r esidue . T his m ateria l  is f lamm ab l e  an d, w i t h  an  e xt ernal 

i gn ition sou rc e ,  i t  w ill ign ite wit hin t his r a n ge .  Figu re 8 shows two m a jo r  

wei g ht - lo ss p eri o ds, the f i rst occ u rrin g a t  265°C and t he seco nd a t  

36S0C. This ABS formulation inc lude d b romine- a n d  a n t im ony -c ont a in in g  fire 

ret ardan t s  that re l e a se upon pyrol ysis to inh i b it f l amin g comb u st i on .  

Fi gu re 9 ill u st ra te s  the the rmal  de gra dation p a tt ern f o r  re d ru bber f ire 

hose . Th is mat er ia l  b e gin s slow de gra da tio n a t  211°C, u l t imat el y  formin g a n  

in ert c har a t  4 70°C. We wou ld exp ec t t hat t h i s  material wou ld b e  di ff icu lt 

to ign i�e b e cau se of low pyr o l y za te p rodu cti on . 

T a b le 2 co llect s TGA d at a  f o r  a v ar i e ty of m ateri als, some of w hi ch a r e  

simil ar to mat er i al s  e xtracted f rom the reacto r b u il di n g. It shows t he ran ges 

o f  tempe ra tu re re qu ired to p ro du ce su b stan tial we ight l o ss (an d, con se qu en tly, 

p yro l yzate p ro du ctio r1) from material s. Po l y mers o t her t han t ho se remov ed f ro n1 

t he reacto r b uil din g are in cl u ded b ecau se they rep resent the o ther kin d s  o f
­

items shown in p ho to grap hs from the reacto r b u il din g en try .  Al so i nc l u ded in 

Ta b le 2 are t he a v a ilab le thermal  p rop erties of these ma teria l s. 

Th e in itial �n di catio n  of weight l oss in TGA gen era l l y  resu l ts f rom water 

l o ss o r  su rf ace p roc esses. Occu rren ce of m ajo r weight l o ss f rom m ateria ls 

resu l t s  in p ro duct io n  of pyroly zates an d both the magn itu de an d t he sl o p e  o f  

w eight l o ss in dica t e  t h e  degree o f  m ateria l -destru ction p rocesse s. The 

temp er at u re c orrespon din g to the median of we ight loss du rin g the f irst majo r  

w eight-lo ss e xpe ri e n ce can b e  u sed to estimate the co n dition w here the rate o f  

therma l  destru ct ion i s  maximum. At this con dit ion it is l ikel y that enou gh 

p y ro l y zate is p r odu ce d at the expo su re su rf ace to create ar ign itab le m ixt u re 

in the b o und a ry l ayer .  

Usin g sta n da r d  so lu tio n s  f o r  t ran sien t heat con du�tion i n  se mi-inf in ite 

so lids with con stan t t hermal p rop erties , it is possib l e to ca l cu l a te the time 

a t  w hich a mater ia l ' s  su rf a ce w ill at tain a sp ecif ic temp era tu re u po n  e xpo su re 

to con stan t t hermal f l u x  l eve1s. Howev er, adju stmen ts shou l d  b e  made t? 
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a ccoun t for re -ra di a ti on hea t lo sse s from expo sure s u r faces an d la ten t hea t 

pro ce s s e s  r e qu ired to p ro du ce p yro lyzate s from po lymer s .  Wi th s pe cifi c 

surfa ce t emperat ure , expos u re hea t  flu x , an d de fine d the rma l con s tan ts ,  the 

ti me require� t o  r e a ch this t e mperature is: 

(rrT ) 
t = _

s 
k pc 

2� p 
. t 

(l) 

He re qt is tot a l  therma l  expo s u re flu x .  Ti me s  ca 1cu latP.d u s i n g  this 

equati on should be short relative t o  those for real materials, which 

e x pe r ie n ce bot h t herma l an d mas s conve ctio n hea t  lo s ses . To a ccoun t for the s e 

lo s s e s , we a djust q
t b y  s ub tra cting from it the s u r fa ce r adia tion e nergy a t  

t he s pe cifie d cr itica l s u rfa ce tem pe r a tu r e, a n d  the m a s s  convecti on los ses  

(t he produ ct o f  s ur face mas s los s  r a te and laten t he a t  of p yrolys is ) .  The 

r e s ultant e ffe ct ive ener gy e x po s ure r a te qe 
r ep la ce s  q

t in Eq. (1) , g iv in g  

a longer t ime t o  a tt a in t he cr itica l temperature lev el. Va lue s  for time 

o bt a in e d  b y  u s in g  b o th q
t 

a n d  qe in Eq. (1) b o u n d  the time r ange b etween 

e x po su re of en ine r t  s o lid a n d  a s o lid exp er ien ci ng b o th r e-ra di a tio n a n d  

laten t hea t  lo sse s. Appen di x B ou tli nes t his p ro ce dure an d i n clu de s s am p le 

ca lculat io n s  for three m a ter i a l typ e s  kn cAn to b e  in the TMI-2 rea ctor 

bu ildin g. Cr itica l temper a ture for the three m a ter i als is es ti mate d  to b e  

6 00°K ,  a n d  t herma l e xpo s u r e  en erg y  is the hi g h  v a lue ca lcu la ted from 

conve ctiv e r adia ti ve con di ti o n s  dur i n 9  combu s ti on o f  8% hydrogen i n  a ir (q
t 

2 
= 4.5 W/cm ) .  

Thes e  m ater i a ls a n d  times to cr itica l wei ght-los s  co n di ti ons  a r e: 

Mate r ia l  te('h) tc( q e ) ---
Pi n e  woo d 5.3 s 9.4 s 

PVC 3 2.0 s 54.7 s 

A cryli c 40.0 s 68 . 0  s 

Ti m es to a tta i n  cr i ti ca l  temperatu r e  co n di ti o n s  i n  these m a ter i a ls a r e  o f  

the s ame or der o f  dur a ti o n a s  those r ecor de d  dur i n g the hydrogen b u r n  i n  free 

v o lumes o f  the r ea ctor b u i ldin g. Thu s ,  a ll s u s cepti b l� m a ter ia ls expo s ed to 

thi s e n erg y s hou ld (an d  di d) exp er i en ce therma l deg rada ti on an d/or fla �ing 

ign ition . 

11 



POLAR CRANE PENDAN T 

One i tem t h at po s s i bly rece i ve d  the mo st i nte nse e n e rg y  e xpo s u re w a s  t h e  

pend a nt a nd festoon fo r the po lar c ra n e .  Fi g u re s  lOa and lOb show t h e  lowe r 

po lar c rane pend a nt ,  a nd u ppe r po la r crane pen dant a n d  f e stoon a lo ng t h e  A 

g i rd e r  i n  the reacto r  bu i ld i ng . Fi g u re s  lOc an d lOd , and a ll plates i n  

Fi g s . 11, 1 2, a nd 13, s how t h e  re lat i ve t h e rmal damage of c a ble sec ti ons 

e xt racted from t h e  reactor bu i ldi n g .* Th e se are i llu s� rati ve pho to g ra ph s 

sta rti n g  from t h e  fe stoon s u ppo rt o f  the po la r c rane a nd e xten di n g  t o  the 

pos i t i o n of the contro l box res t i ng on th e e a st s i de o f  t h e  west 0- s h i e ld. A 

det a i led de scri pt ion o f  t he rma l damag e  o n  e ach sec t io n  i s  c o n ta i ne d  i n  

Table 3. The f i gu re s  a nd t a ble s show tha t a ll sec ti o n s  rece i ved the rmal 

e xpos u re ,  i nc lu d i ng t ho se c o i le d  o n  t h e  0- shi e ld c atwa lk .  Th e d e g ree o f  

therma l d e g radat i on d e cre ase d f rom t h e  po la r c rane leve l to th e 0- s h i e ld to p ,  

a n d, i n  fac t, w a s  o nly appa ren t  o n  t h e  bo ttom pi eces where c u ts i n  i n su lati o n  

pro jec te d  f ree su rfac e s  o f  poo r  h e a t  tra n sfer. Th e rma l deg ra da ti o n  i s  a ls o  

a ppa rent o n  li g h t  len se s  o f  the pen dan t c o n tro l bo x (Fi g .  13c ). 

Fi g u re 14 plo ts the rma l dama ge wi th pe n dan t len g th f rom po la r crane leve l 

to th e t o p  o f  the 0-s h i eld level. Su pe ri mpo sed i s  th e le vel o f  B/y 

radi a ti on (a s determi n e d  a n d  c o n stru c te d  by Mr. Tr·u ji llo ). Ma xi mum th e rmal 

damage occ u rs i n  th e reg i on f rom 6 to 10 ft below the po lar crane g i rde r (fro m 

a bo u t  the 420-f t  lev e ·l down to a bo u t  the 406 -f t  leve l). Th i s  reg i on shows 

loc a lly h i g h  a/y act i v i t y, wh i c h  may co rre ·la te to phy sic al ab sorpti on by 

po ro u s, c ha rred i n su la ti on .  Th e rma l damage i s  severe an d ci rcumfe re n ti ally 

e qu al i n  thi s reg i on .  Ch a r  de pth on th e po lyme r su rface ave rage s  1 to 2 mm . 

We h ave n o  c lue a s  t o  th e c ompo si t i on of the i nsu lati ng co ver f o r  the pe n dant, 

so we c a nno t de fi ne t he i n te n si ty of expo sure .  However, it was de fin i te ly 

i n ten se a n d  u ni fo rm ,  a n  i n di c at ion th a t  th i s  reg i on w a s  ba the d fo r a 

sub stant i a l pe ri o d  i n  an i n te n se combu sti o n  zo ne . 

From th e 406-f t lev e l  to th e to p o f  the 0- sh i e ld (the 367-ft le ve l), 

th e rm a l  damag e i s  pro g re s s i vely le ss an d be come s more di resti on al; i .e ., h a lf 

* Thi s e xa �in a ti on w a s  c o n du c te d  a t  San di a La bora tori ess Albu qu e rque , i n  

coope ra ti on w ith Mr. Ra lph Tru ji llo , Pro je ct Manager fo r th e c a ble i nt e g ri t y  

p ro jec t f o r  TMI-2 reac to r  b ui ldi ng  e lec tri c al c i rcui ts. 
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o f  t h e  i ns u lat i o n  ci r cumfere n ce exh i bi ted a h e a vi er degree o f  d amage , ran gi n g  

from ch a r  at t h e  406 - ft level t o  n o  per ce pti ble i n s u la ti on degradat i on ju s t  

above the D- s h i e ld plane . Unfor tu nate ly, the d i re cti o n  of expo s u re i s  no t 

e stab lished , e ithe r  b y  cab le geometr y  o r  by o bserv at i o n. B e ca u s e  o f  the 

e xtent of therm a l  qamage to ava i lab le po lymers i n  the sout h an d sou theas t 

reg io ns o f  t h e  reactor bu i 1di ng , i t  m i gh t  be fea s i ble t o  a s sume t h a t  plume 

d i me ns ions e ncom pa s se d  th at reg i on .  Moreover , s i n ce a ll conta i nment gase s 

above t h e  347-ft level were co nve cted to t h e  a i r -coo le r  i ntake plenums i n  t h e  

sout he rn s e ct o r  ju s t  below th e 347-ft le ve l, some pre ferent i a l  f i re 

propa g a ti on pdth may h ave o ccurred i n  t h is area.  However , be ca use there were 

fewe r  thermally s u s ce pti ble ma ter i a ls i n  the nor th rea ctor bu i ldi n g  reg i ons we 

cannot co nt r a s t  t h e  s o u th a nd nor th ex peri en ce to d e fi ne the ce nter of f i re 

i nt e ns i ty. H a d  there bee n  e i ther m i n i ma l  therma l ex per i en ce or o ther pa ttern s 

i n  s u s ce pt i b le po lymer s  i n  a n y  o ther r e g i o n ,  we m a y  h ave h a d  b e t ter 

o pportu ni t y  t o  defi n e  fi re plume geome tr y. On ly one cau se fo r as ymme tr y o f  

t h e  b u rn pattern below the 406 - ft level ca n b e  con je ctured: t h a t  the ca ble a t  

t h i s h e i ght was ex posed to r ad i ati o n  and co nve cti o n  from a hydrogen plume 

cen te red t o  o ne s i de (logi ca lly the s o u th s i de )  o f  the r ea cto r  bu ildi ng . Th e 

ex po sed surfa ce wou ld s u sta i n  flame more rea di ly from the shadowed s urfa ce ,  

t hu s  produ ci ng t h e  o bserve d  pa ttern. 

Ph otogra phi c do cumen ta ti on of therma l d amage pa ttern s s u s ta i ned by i tem s 

removed from th e TMI- 2 r ea ctor bu i ld i n g  reve a le d  a var i e ty of re sponses from 

d i f ferent m ater i a ls lo ca te d  i n  the s ame gener al area ;  e .g ., m a te r i als arou n d  

t he te le phone o n  t h e  sou t h  rea ctor bu i ldi n g  w all of the 347-ft le ve l s ho w  

qu i te a different r e s po n se r e lative to m a ter i a l compo si ti on .  

HYDROGE N-FLAME-E XPOSURE TESTS 

B e cause  therma l con stan rs o f  mo s t  pclymeri c m a te r i als are de fi ned o n ly 

f or vi rg i n  com pounds , i t  is vi r tu ally im po ss i ble to ca lcu la te thermal respo n se 

pro pe r ti e s .  Howe ver ,  s i m p  1 e hydroge n -f i re-e x po s u re tests m ay g i ve an 

i nd i cat i on of a cci den t ex po s u re co nJi tion s .  To assess thi s po s si bi li ty, we 

con du cte d s e le cte d ex po s u re te s ts o n  o u r  e xem plar m a te r i a ls u s i ng a Me k er 

burner ad ju s te d  to a fu lly pre -mi xed bu rn i ng mo de.11 Flo w wa s adju s te d  to 

pro du ce a measu red flame tem per ature o f  833°K (no te: dur i n g  me asureme n t, the 
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20-mi l th ermoco u ple was i ncande scen t, so me as ur e d  tem perature was no d o u b t 

sub st a n ti a lly lower t h an a ctu a l  flame tempera tur e ) . A s i m ple- c o pper-s lu g  

calor imeter meas uremen t  o f  tot a l  t her nml flux i n di ca ted a n  ex po s ure f lu x  o f  

6 W/cm2• T hi s  le vel o f  flame t em perat ure a n d  t h erm a l  flux w a s  close e nough  

to pro jected TMI-2 acci d e n t measuremen ts and e s ti mate d reactor ex po s u r e  

con d it i on s ,  a nd res ultin g d ata t rend s s ho uld b e  s i milar t o  t herma l r e s ponse  

var i at i on s  of mater i a ls t h a t  s u f fered hydrogen -flame ex posure i n  t h e  TMI- 2 

r eactor b u i ld i n g .  

Fi g u r e  1 5  s hows the s imple e x pe r i me n ta l  s e tu p. In Fi g s. 16 through 24, 

materials subjected to the e x per imen ta l  fir e ar e com par ed d i rec tly to s i mi la r  

m ater ia ls e xt r acted from t h e  TMI-2 reac tor b ui ld i n g .  Tab le 4 g i ves detai ls o f  

the ex per i ment a l  ex po s u re and descr i pti o n s  o f  t herma l d amag e  t o  ex posed 

s ample s . 

Fi g ures 17 t hrough  21 i llu s trate the correla ti o n  b etween the d amage to 

exem plar and TMI ma te r i a ls of the so uth-wall tele phone sta n d  on the 347-f t 

lev e l. Th e s i mi la r i t y  of therma l d amage i s  e n co u r ag i n g  a n d  the d ur a ti on a n d  

i n te ns i ty o f  therma l ex po sure i s  i n  t he range of es tima te d  therma l flux e s  

a tt a i ned d u r i n g  t he reactor b u i ld ing b urn . N o te th at t hese a re very 

s i m pli st i c  tes ts. No attempt was ma de to ref i ne tem pera ture o r  therma l ene 1·gy 

meas uremen t. Moreover, we had n o  i llusi o ns a s  to the d i s tr i huti on o f  

con ve c ti ve or �ad i a ti ve c o n tr i bu ti o n  from t h e  te s t  b urner . Ho we ver , the 

r es ults g i ve d a ta trends w hi ch a re i n tui ti ve ly acce p ta b le .  De scr i p tion o f  

o ther mate ri a ls' res ponses are c ont a i ned i n  Tab le 4. 

CONCLUSIONS 

On the b a s i s of 

• Pho tographi c  a n d  v i deo sur vey s  of the TMI-2 reac tor bui ldi ng 

i n ter i or ,  

Vis ua l a n d  photographi c a n a lysi s o f  m a teri Dls e x tra cte d  f ro m  the 

rea ctor b ui ldin g ,  

• Mac ro- a nd mi cro-e xper i men ts wi th ma ter i als of c ompo si tion 

g ener i c a lly si mi lar to tha t of e x trac te d  TMI sa mple s, a n d  

• Ca lc ula ti o n s  us i ng propo se d  physi c a l  c o ndi ti on s  an d  a ssume d m a te r i a l  

pro per ti e s, 
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the foll owi n g  conc l u�i o n s  a r e  po se d :  

1 .  Hy dro ge n  c o ncentr ati on i n  ��e r eactor bu i l d i n g pr i or to bur n  was 

confi rme d to be abou t 8%, as ca l cu l at e d  by a na l yzer s  o f  TMI-2 

pr es s u r e  an d tempe r a tu re r ecor ds . 

2. No defi n ed pa th for hydrogen pro pa g at i on ha s been esta bl i shed. 

3. Ove r -pr es s u r i zat i on eve nt s  i n  t h e  e n c lo sed e leva to r -a n d - sta i rwe l l 

complex may be i ndependen t  of the over a l l hydrogen -fi r e-pro pagat i o n  

dyn ami c s .  

4. Th e mo st pro bable i gn i t i on si te for t h e  hydrog en burn ·da s i n  th e 

basemen t v olume ; r a di a l  l oc a ti o n  is no t d ef i ned. 

5. Therma l d egrad a t i on o f  mo st su scept i bl e  m a ter i a ls o n  a l l  l eve ls i s  

cons istent w i th d i rec t f lame contac t fro m hyd rogen f i r e. 

6 .  P o lar- c r ane- pe n dan t t h erma l  damage i nd i c a te s  in t2n se expo su r e  t o  a 

hydro gen-f i r e plume. 

7. The d i r ec ti on a l  c h arac ter o f  d amage to l ower penda n t  l en g ths 

su gge sts po Le n t i a l  geo metr i c  l i mi t a ti on of the hydroge n -fi re plume. 

8 .  T h e  tota l bu rn pa ttern o f  th e plywood board back for t he so uth -w a l l 

tele phone on th e 347-f t l evel i n di c a te s  f l a me pro pa g ati on throug h 

t he sei smi c g a p. 

9. Lack of ther ma l deg radati on of r a n do m, ther ma lly susc epti bl e 

mater i a l s ma y r esul t f ro m  prefer en �i a l  mo i stur e absorp ti o n .  Bec ause 

o f  t he r a n dom n a tu r e  of th i s  ev i den c e, i t  i s  n o t  l i k ely th at 

u nd amag ed ma ter i al s  r esul t e d  fro m sel ecti ve shado wi n g .  

1 0. B u r n  patter n s  i n  t h e  r eac tor bui l di ng i n di c a te th a t  the do me r eg i on 

a bo ve the 406-f t level was u n i fo rml y ex po sed to di r ect hy dro g en 

fl ame , the r eg i on between th e 406-f t l e vel  a n d the to p o f  the 

0-sh i el d  was par ti al l y  ex po sed to hydrog en f l ame ( mo st li k ely i n  the 

south a n d  ea st quadr ant s) , and  th e damage o n  th e 305-f t l evel was 

geo metr i c a l l y  si mi lar to th a t  abo ve the 347-ft l evel but of less 

degree. 
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Append i x  A 
CALCULATION FOR RADIANT EXPOSURF ENER GY 

'V 
Assume: Tmax = 14000f ("'lOOOOK) 

(l
r 

= I: GT O. 2 < r. < 0.8 

I: = 5.665 x 10-5 erg/cm 2sec �4 

T4 = 10 l lJ< o4 
I:T4 � 5.7 x l07erg/sec cm2 

q = 4.6 watt/cm2 
r(I:=0.8) 

q = 1.1 watt/cm2 
r(I:=0.2) 

1 joul e = l0 7er g 
l joule/sec = watt 

Since only emission during H2 combustion in OH and H2o bands for optically 
thic k water vapor at 1000°K r. < 0.5* 

� = 2. 85 watt/cm2 
r ( r. = 0.5) 

r. < 0.6tt 

---*-Ec kert, Introduct i on to Heat and Mass Transfer, p. 243. 
t Gi edt , Principles of Engineering Heat Transfer ,  p .  265 . 
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CALCULATION FOR CONVECTIVE HEAT TRANSFER COEFFICIENT (h) RANGE 

Use properties of Hot Air: T"' l OOOOf( ,  Tamb = 3l1°K 

Ve l ocity 1\mqe: 10 ft/sec< U oo < 40 ft/sec 
Assume l :..: 1 • 0 ft 2 
- l/3 u, h = 0. 664 • K • P r • ;:]"" 

1 / 2  - 2  
K = 3 . 9  i< 10 
Pr = 0.702 

(Pr) 113 
= 0 . 8 9  

BTU 
hr ft F0 

v = 1 26 • 8 x 1 o-5 f.!_ 2 
sec 

U � 1 0  ft/sec 
fi = 1 • 16 x 1 0-3 watt/ c m 2 °K 

� = nA ( T.-T ) s 00 

�c = 0. 8 watt/cm2 

U = 40 ft/sec 
fi = 2. 33 x 10-3 watt/cm2 °K 

q = fiA ( T -T ) s 00 

�c = 1.6 watt/cm2 

RANGE O F  THERMAL FLUX BASED ON 8% HYDROGEN 

�T 
= qr + qc (min) 1 .4 + 0. 8"' 2. 2 watt/cm2 

? 
�T = �r + �c(max) 2.85 + 1.6"' 4.45 watt/em� 

(Experimentally determined thermal flux from small premixed source. 
� measured; Mee ker burner = 6 watt/cm2) 

18  



Appendix B 
TIME ESTMATE FOR CRITICAL TEMPERATURE RIS E 

Te mperature distribution in ranel exposed to external heat flux described by: 

( l ) & T = a a 2T 
at x a Y2 

Assume heat loss from surface dependent on surface temperature, then , surface 
boundary condition is: 

-K !l s a y 
( O, t) 

'V Exposure Flux 

Assuming constant sol id t hermal parameters and temperature rise at irradative 
surface (y = 0) ; 

Simplified solution to equation 1 is: 

liT =(2�
T t )112 

( o, t) 
7T K P c p 

so 1 ve for t: 

t = (·2 :� y K • cP 

Th is form gives estimate of time for specific temperature rise in inert solid 
before temperature rise reaches bac k surface. 
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ACCOUNT FOR HEAT LOSS DUE TO RE-RADIATION 

FROM SURFACE AND LATENT H EAT PROCESS 

Approximate surface temperature for pt·oduction of ignitable pyrolyzates is 
600°K. Thus, for most pessimistic case for reradiation losses: 

• 

4 
watt 

qrr = E T = 0. 74 2 em 

Latent h eat to convert solid to gas and critical mass flux at mean temperature 
of maximum weight �oss for materials in table 2 {about 600°K) are of order 
2 kW/gm and 2 x 10- gm/cm2 sec respectively;* therefore, h eat lost due to 
latent heat processes is: 

q(lat) = 2 x  105 W· sec x 2 x  10-4 gm 
gm em 2sec 

� {lat) = 0.4 ::�t 
T h us, maximum h eat loss from surface at critical mass l oss flux temperature is: 

qrr + qlat = 0.7 4  + 0.4 = 1.14 ::�t 

* A. Tewarson, Physico-chemical a n d  Combustion Pyrol ysis Products of 

Pol ymeric Materials, National Bureau of Standards, Washingt on, DC, 

N BS -GCR-80- 295 ( 1980). 
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TIME TO RAISE SURFACE TEMPERATURE TO CRITICAL MASS PRODUCTlON LEVEL 

PVC--Generic 

p = 1. 2 gm/cm3 

cP 
= 1 •4 .J.oule 

gm •°K 
-4 

K = 14.6 x 1 0  joule 
em 2 sec OK 

qT 
= 4.45 joule/cm3 

P i ne Wood 

3 
p = 0. 34 gm/cm 

C = 1 • 4 j ou 1 e 
P gm • °K 

_ 8.8 x l0-4joule K -
em 2 sec K 0 

L1 T = 3 23°K s 

qT = 4. 45 joule/cm 2 
• sec 

PMMA (Acryli c) 

P = 1 . 1 7  gm/cm3 

C = 1 . 3 joule 0 
P gm • K 

K = 20 x 1 0-4 joule 
cm2 sec K0 

t1T = 32:PK s 
qT 

= 4. 45 joul e/cm 2 • 

21 

se c 

t. = 3 2. 0  sec 
1 

( i nert sol i d) 

t. = 54. 7  sec 
1 

(include losses) 

t. = 5.3 sec 1 
(i nert solid) 

t. = 9.4 sec 1 
(i nclude losses) 

t. = 40. 0 sec 1 
(inert solid) 

t. = 68.0 sec 1 
(include losses) 



Table 1. Record of temperatures at various points in the reactor building. 

Differential Pre-burn air 
temperature temperature 

Ambient Time of Initial resulting TimP. i>1ark Pre-bur'l chanse relative Post-burn Post-burn 
temp prior incident temperature from steam just Next background to pre-steam i\ir  bul k  temp 

Thermocouple to 0400 (steam rise release before time temperatur� rel ease temperature rise 

and location March 28 release) 
(OF) ( OF) ignition mark 

( OF ) 
(oF� (OF) (oF) 

A-12 AH-TE-5022: 120 0447 120 0 1347 1353 128 08 180 52 

Top ceiling 
ambient air 
(R-7), 353 ft 

A-13 AH-TE-5022: 120 0454 119? 0 1348 1354 125 05 182 57 

Top ceiling 
ambient air. 
southeast 

A-14 AH-TE-5023: 119 0447 130 21 1347 1353 128 09 170 42 

West end stair-
N well (R-5) 
N 

A-15 AH-TE-502/: 86 0446 85 0 1346 1352 81J 06 122 42 

Air conditioner 
plenum outlet 

A-16 AH-TE-5088: '00 0442 100 0 1348 1354 106 06 151 45 

Southeast 
stairwell 
(R-18A), 310 ft 

A-1 AH-TE-5010: 91 0452 113 22 1346 1352 107 16 132 25 

Sump pump, 282 ft 

A-2 AH-TE-5011: 88 0452 115 27 1346 1352 102 14 128 26 
Let-down coo� er 
ambient air, 282 ft 

A-3 AH-TE-5012: 87 0447 152 65 1347 1353 118 31 152 34 

Reactor coo 1 ant 
drain tank, 282 ft 

,l\-4 AH-TE-5013: 92 0452 lOB 16 1346 1352 116 24 156 40 

Irnoinge bar 
ambient air, 
232 ft 
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Tab l e  1. ( Continued.) 

Thermocoupl e  
and locati on 

A-5 AH-TE-5014 : 
N.R. equi pment 
hatch, 305 ft 

A-6 AH-TE-5015: 
Air conditioner 
p l enum outl et, 
319 ft 

Amb i ent 
temp pri or 
to 0400 
March 28 

103 

78 

A-7, A-8, 102-110 
A-9, A-10, 
AH-TE-5016-5019: 
Pri mary sh i eld 
ambient a i r, 
282 ft 

A-ll AH-TE-5020: .127 
Top cei l ing 
ambient air 
(R-15) 

Time of 
inci dent 
( steam 
rel ease) 

0442 

0445 

Di fferenti al 
temperature 

Initial resu lting 
temperature from steam 
rise release (oF) 

(oF) 

105 02 

111 33 

Time mark 
just 
before 
ign i tion 

1348 

1345 

Ne.-t 
time 
mark 

1354 

1351 

Pre-burn a i r  
temper atu, ·e 

Pre-burn change relat i ve Post-burn 
b ackground to pre-steam �i r 
temperature rel ease temperature (oF) 

(oF) 
(oF) 

117 14 151 

78 0 124 

Post-burn 
bu l k  temp 
ri se (oF) 

34 

46 

(Temperature r i se over enti re event i ncreases from 4 °F to l0°F ) 

0447 128 01 345 

Average: 40.3 



Tabl e 2.  Data from the�mo9rav i metr i c  analys i s  of mater i al s  removed from the reactor bu i l di ng and of exempl ar materi al s .  

Temperature F i rst major Med i an temp 
at i n i t i i:!l  wei ght-l oss duri ng f i rst Thermal Speci f i c  
wei ght l oss st,1ge % Sampl e  wt-l oss stage Wei ght % �onduct i v i ty Specifi c heat 

Samp l e  ( oc )  ( oC } wt l oss  ( oC )  ash at ° C  ( l o- cal • cm/s • cm2• oC )  grav i ty (cal /g•°C ) 

Safety gl asses 100 252-450 87 . 2  351 0 at 550 
frame ( probab l y  
polyethyl ene )  

Tel ephonea 60 378- 523 89.5 450 0 at 650 
body ( see ABS-
NBS ) 

ABS el ectron i c  150 265-365 30 . 1 315 4.0 at 600 1 . 03-1 . 06 0 . 36 
i nstrument panel  

NBS-ABS 60 370-500 77.7 435  9 .0  at  700 1. 03-1. 06 0 . 36 

To 1 onhnn.o ,A,; ,...oa 30 232-352 63 . 7  292 0 at 750 N l \.. 1 '- t'' lVI ' '- n I I ..._ 

� ( pos s i b  1 e PVC ) 

Rubber hosea 30 211-470 3 7 . 5  340 41 at 850 

Acryl i c  from 70 409-549 72 .  l 479 0 at 650 4-6 1.17-1.20 0.35 
tel ephone d i a1a 

Wood (fi r ) a 30 281-373 58. 8  327 0 at 550 0.3-0.6 0.34 

Tygon tub i nga 150 228-406 78.5 317 0 at 650 3-4 1. 16-1.35 

Acryl i c  sheet 250 4:5 1-522 7 l . G 486 0 at 650 4-6 1 . 17-1 . 20 0.35 

Ny1 on wi re 40 380-46 7  88.2 423 0 at 600 5 l .  06-1 . 08 0 . 40 
i nsul at i on 

Foam pol ystyrene 100 392-495 95. 2  443 1.1 at 600 

PVC w i re #1 110 24 5-4 1 0  29 . 0  327 4.5 at 650 3-4 1. 3- l .  7 

PVC ; i re #2 150 252-400 60 . 3  126 9.2 at 650 3-4 1.3-1. 7 

PVC tel ephonea 160 253-405 56 . 6  329 15.8 at 850 3-4 1. 3-l .  7 
rece i ver c ord 

· '  
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Table  2 .  ( Conti nued . )  

Sampl e 

Pol ypropyl ene TV 
antenna c ab l e  

Polyethyl ene wi re 
j acket 

C aut i on s i gna 
( proh ab l y  
polyethy l en e )  

Temperature 
at i ni ti al 
wei ght l oss  (oC ) 

240 

220 

50 

a Exempl ar mater i al . 

F i rst major 
wei ght-los s  

stage (oC ) 

299-434 

323-468 

252-453 

% Sampl e  
wt l os s  

83. 5  

90.6 

88. 7  

Medi an temp 
duri ng  fi rst 
wt-l os s  stage ( oc ) 

366 

395 

352 

Wei ght % 
ash at °C 

0 . 5  at 550 

0 at 550 

0 at 550 

Thennal ionducti vi ty Specific  
( 1 0- cal •cmjs •cm2• °C ) grav i ty 

1.5-4 0.89-0 . 9 1  

Speci f i c  
heat 

(ca1/g •°C ) 

0 . 9 1 - 1 . 4  0 . 55 



T abl e 3 .  Thermal  damage t o  sections'of the polar crane pendant . 

Sect i on Length 
No . ( i n . )  

3 1  20 

30 28 

2 9  

28 

2 7  

26 

25 

24 

23 

22 

2 1  

20 

1 9  

1 8  

17 

16 

15 

14 

13 

3 1  

25-l /4 

32-3/4 

29- 1 /2 

3 1  

30 

30 

30 

29- 1 /2 

3 1  

29- 1 /2 

31 

30 

29 

29-l/2 

30- l /2 

30-l/2 

Damage 

North s i de ash, p l astic tape ch ar a l l around, no 
degradat i on under tape 

Half circumference char, half ash ( ash grey, char b l ack ) 

Low end cbmp l ete char for 1 5  in . ,  1 80o char/ash to topa 

Char complete circumference 

Circumferential char for total length ,  depth �1 -2 mm 

C ircumferential char for total l ength 

Circumferential char for total lengt h 

Circumferential �har, marked side ash for top 1 5  in . ,  2/3 
ash and l /3 ch ar on bottom end 

Ch ar 1200 for top 20 in . ,  ash 250 (marked side ) 

1 80° ash on marked side--slight thermal damage on 
remaining circumference 

1 20° ash on mar ked s i de--sl i ght damage 

Sam� as No . 2 1  

l80°ch ar and 1 800 ash for tor 21 . 5  i n . , extraneous 
char on low end, extr aneous depos i ted mater i al �6 11 l ong 
starting at 6 in . from low end and twi st i ng up to char 

As h opposite marked s i de, but l i t t l e  therma l damage on 
unmarked side 

Same as No . 1 8  

Same as No . 1 8  

1 20° l ight ash on total length of sect i on ,  oppos i te 
marked side 

Same as No . 15 

Same as No . 15 but grade to li ghter damage 

;2 6 



- ---- : �--------... --------- --

Tabl e  3 .  (continued ) 

Secti on Length 
No . ( i n . ) 

1 2  29 

1 1  3 1 - l /2 

1 0  30 

09 29-l /2 

08 30 

0 7  3 1 - l /2 

0 6  3 0  

03 to 0 5  94 

0 1  to 02 56 

• 

Damage 

No c l ear ash or thermal damage 

No char, no ash except for char on deposited mater i al , 
drips, etc . 

Same as No . 1 1  

No char, no ash ;  first p l iabl e piece 

No char or ash on surface, two cuts exhibit char on inside 
surface and inner conductors, fl exible  9- 1 0 . 5  in . from l ow 
end 

One cut 3-l /2 in . from l ow end, tip charred, no apparent 
inner degradation 

F l ex i b l e, no char, no ash 

Sp l i ce and insu l ation chec ks and cuts 

Circumferent i al burn pattern from tape or paper wrapped 
around piece 8 - 1 0  i n .  from No . 2 end 

a Degrees refer to portion of circumference of cabl e .  

2 7  



Tabl e  4.  Resu l ts of hydrogen-fi re-exposure tests on exemp l ar mater i als . 

Samp l e  

Polypropylene 
r ope 

II 

II 

II 

Telephone 
rece i ver 
cord 

II 

Telephone 
d i a 1 

II 

Telephone 
d i a l 
( on screen ) 

II 

II  

Tes t  

1 

l A 

1 8  

l C  

2 

2A 

3 

3A 

4 

4A 

48  

Time 
( s )  

1 2  

30 

2 7 

3 3  

12 

30 

12 

20 

30 

20 

35  

Energy 
exposure 
( J/cm2 ) 

7 2  

1 80 

1 62 

1 98 

72 

1 80 

72 

120 

1 80 

unknown 

unknown 

28 

Results of exposure 

Me l ted at ends, waxy 

More melt i ng at ends than test 1 ,  
some blend i ng of mater i als 

Me l t i ng at poi nt of contact, 
breakage occ urred at 27 s i nto 
test wi th moderate pu l l i ng forc e 
appli ed 

More melt i ng than test l B ,  
break age occurred at 33 s i nto 
test w i th very l i tt l e  force appl i e d 

Melt i ng, fus i ng of j acket, 
conductors exposed , b u bb l i n g o f  
c l ear plast i c  plu g 

More me l t i n g of j acket than t e s t  
2 ,  ch ar format i o n ,  s i gn s  o f  
dr ipp i n g ,  conductor s exposed an d 
i gni ted at 29 s i nto te s t 

Me l t i n g at edges , some bubb l i n g 

Me l t i n g  at  edges , i nc i p i e� t  
b u bb l i n g 

( Mater i a l  p l aced on screen to 
prevent dr i pp i n g onto burner ) :  
Me l ted i nto screen , bub b l i n g  

( I n advertent f l ame temp . decre a s e  
approx . 30-4QOC ) : B u b b l i n g . 

( I n advertent f l ame temp . decre a s e 
approx . 30-4QOC ) : More b u bb l i n g  
than 4 .A 

' - -· -�:§,:?':":�;_;�-; 
• ::-,;, L �:;;-:�� 



Tab l e  4 .  (cont i nued) 

Energy 
T ime exposure 

Samp l e  Test ( s j (J/cm2 ) Resu 1 ts of exposure 

Te l ephone 
exten s i on 
l i ne 5 1 2  72  Me l ti ng, c h arr i n g  a l on g  edge of 

cab l e, bubbling and deformat i on o f  
cl ear p l ast i c  plug 

II SA 20 1 20 More charr i ng and me l t i ng than i n  
test 5 -- i gn i ted approximate l y  1 8  s 
i nto test 

P l ywood 6 1 2  7 1  Some c h arr i ng a l on g  edges o f  
p l ywood 

II 6A 20 1 20 More c h arr i ng than i n  test 6 ,  
m i n i m a l  burn i n g throu gh top l ami n a  

II 68 30 1 80 More c h arr i n g  of top s urface s , 
o uter edges and corners ; sp l i tt i ng 
of top l ayer 

II 6C 60 360 Extreme c h arr i n g of top s urfac e 
and s i des , a�hy appear ance at 
corners 

P l ywood (wet ) 7 1 2  72 No not i ceab l e  c h an g e  

II  7A 30 180 S l i gh t  c h ar a l on g  one edge 

II 7 B  60 360 C h arr i n g approx i mate l y  l i k e  t e s t  6 B 

ABS ( wh i te 
mater i al ) 8 1 2  72 Loss  of  strength , bubbl i n g ,  s l i ght  

c h ar , deformat i o � 

II 8A 20 1 20 More bubb l i n g ,  deformat i on ,  
b l acken i n g of apprux . 74% of 
s urf ace area 

ABS ( on 
s creen) 8 B  3 0  1 80 More b u b b l i ng ,  mel ted edges , 

me l ted i nto screen , brown i s h c o l o r  
over s urfac e 

II 8C 40 240 B u b b l i n g ,  mel ted edges , me l te d  
i n to s creen , b rown i s h c o l or over 
s u rface 

29 



Tab l e 4 .  ( cont i nued } 

Energy 
Time exposure ' 

Samp l e Test ( s }  ( J/cm2 ) Res u l t s  of expo s u r e  
. 

Duct tape 9 1 2  72 W i de s pread bubb l i ng ,  penetrat i on 
through top ( s i l ver ) l ayer 

II 9A 20 1 20 More bubb l i ng t h an i n  test  9 ,  
penetrat i on through top l ayer 

II 9B 30 1 80 More bubb l i n g ,  c h arr i n g ,  �� l t i n g 
of adhe s i ve ,  penetrat i on �hrough 
top l ayer 

P l ywood 1 2  1 2  72 ( P l ywood covered with  s i n g l e l aye r 
covered of po l yethyl ene one s i de on l y ) : P E  
w i t h  P E  burned comp l ete l y  away , c h arr i n g 

o n  two oppos i te edges 

II 1 2A 1 2  7 2  ( P l ywood covered wi th a doub l e 
l ayer of P E  on one s i de on l y ) : 25% 
of PE l os t  due to  d r 1 ppage and 
s hr i n k age , charr i n g  a l on g  edges of 
p l ywoo d  

II 1 2B 20 1 20 ( Doub l e  l ayer of P E  on one s i de of 
p l ywood ) : P E  burned comp l et e l y  
away , c h arr i n g a t  edges an d 
corners of p l ywood ; P E  i gr i ted a t  
15  s i nto test , a n d  one e d g e  of 
the p l ywood i gn i ted a l s o  

II 1 2C 1 2 . 5  7 5  ( Wood p l aced i n  P E  bag ) : B a g  
b urned away at approx i mate l y  7 s ;  
not i ce ab l e  co l or ch ange i n  wood a t  
approx i mate l y  12 .5 s 

II 1 20 9 . 5  57 ( P l ywood p l aced i n  P E  bag ) : B a g  
burned away approx i mate l y  6 s i nto 
te s t ; not i ce ab l e col or c h an ge i n  
p l ywood at approx i mate l y  9.5 s 

II 1 2E 1 3  78 ( P l ywood p l aced i n  P E  bag ) : Bag  
b urned away approx i mate l y  6 s i n to 
test ; not i ce ab l e  col or ch ange i n  
p l ywood at approx i mate l y  13 s 
( t h i s p l ywood was a d arker p i ec e  
t h an u sed i n  tes: 1 20 )  

30 



Tab l e  4 .  ( cont i nued ) 

Energy 
Ti me exposure 

Samp l e Test ( s )  ( J/cm2 ) Res u l t s  of exposu r e  

Tel ephone 
b ody 1 0  1 2  7 1  L o s s  o f  s trength , s ome wr i nk l i n g  

II l OA 20 1 20 Leathered appearance ,  bubb l i n g 

II l OB 30 1 80 More bubbl i ng ;  otherw i s e  s ame as  
l OA 

Hose 1 1  1 2  7 2  N o  not i ce ab l e  c h an g e  

II l l A 20 1 20 No not i ceab l e  c h an ge 

II l l B 30 1 80 Some d i scol or at i on 

II n c  60 360 C h arr i ng ,  s l i gh t  deformat i on ,  
me l t i ng o f  outer cover i n g  

3 1  



Lim1 t  of 500 ton 
main hook travel 

Top of dome El 473 I t  

Thermal 
damage 

No thermal 
damage 

�so ft 

l N E L  !3 1 7  309 

F i g u re 1. Cros s s ec t i on of the TM I - 2 reactor con tai nmen t b u i l d i n g .  

32 

Thermal 
damage 



. 
. • 0 ' . � 

> • -

- • • • - • ' "'I • • ' l li 
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a l t <Jnmcnl  
I S I ,J ild J 

+ 
N 
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Covered 
t1a lch 

.. 

Covered 
halch  

Thermal 
damage 

la< l ( Jcr 

F i gur e 2 .  Th ermal  damage on the 347-ft  l evel  (wi th po l ar c r a n e  s u per i mposed ) .  
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F i gure 3 .  

Quadrant 3 

i n s t ru mentation 

'=JI 

.· . .. ;::: 

A 
N 

_<!> 
D 

Covered 
h a t c h  

� � Covered 
E 1ji h a t c h  
<lJ 

a: 

Therm a l  damage i n  the s ame p l ane as t h e  D - r i n g s . 

34 

Thermal 
damage 



F i gure 4 .  

Quadrant 3 

...--.... 

(Motor) 
p u m p  
s r a nd 

H a t c h  
W i t h  

r e mova b l e  
g r a t 1 ng 

A 
N 

<I! 
D "' .c > 'J 

E �  
QJ 

a: 

Covered 
h a t c h  

Cover eel 
h a t c h  

I 

Thermal 
�a mage 

Potential 
overpressure 

No thermal 
damage 

Q u a d r a n t  1 

Thermal d ama ge and po t en t i a l over pres s ure on  t h e  3 4 7 - f t  l ev e l . 
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F i gut·e  5 .  

Quadrant 3 

E q u 1 p m e n t  
h a t c h  a n d  

Quadra n t  2 

8 

Core 
f l ood 1 ng 
t a n k  

t 
N 

• 

I 

8 
r:::a� 
'C_� 

Jo lo l  l l o[Ql 
Reactor  b u i l d 1 n g  a � r  l OO I 1 ng a s s e m b l y  

Thermal 
damage 

Potential 
overpressure 

No thermal 
damage 

Quadran t 4 

O u adrar.t  1 

I N E L  B 1 7  308 

Therma l d amage a n d  poten t i a l  o v erpres s ure on the 305-ft l ev e l . 

3 6  
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( a )  

( c )  

- ..-:.- ·  - --- 1 
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( d )  

F i gure 6 .  Hydrogen-burned i n -containment mater i al s :  ( a )  Bel l  tel ephon e .  ( b )  Charred manua l  on e l ectri cal 

box . ( c )  Back of pl ywood panel . ( d )  Front of pl ywood panel • 

.-.-.... �...., .,........,, .• ,, , ... , ttr±MNt:,'oii!D_:dl ___ ,..�-� 



Temperature ramp / 

NBS-ABS 0-1000°C full scale 

20° min 5.03 mg 

1 0  mm/min Air atmosphere 

0-100% full scale 1 -7-83 (S.P.) 

F i gure  7 .  Thr rmogr am of NBS-ABS . 

/ Sa. mple weight / loss 

38 



Temperature ramp/ 

ASS-electronic instrument 

case material 

20°C/min 

10 mm/min chart 

0-100% full scale 

0-1000°C full scale 

6.66 mg 

Air atmosphere 

Sample weight 
loss 

F i gure  8. Th ermogrdm of  i n s t rume n t - c d se  ABS . 

3 9  



.----
Sample weight 
loss 

Temperature ramp _/ 

Rubber hose {red) 

20°C/min 

10 mm/min chart 

0-1ooo•c full scala 
6.65 mg 

Air atmosphere 

Time ---------------

F i gure  9 .  Thermogram of red r ubber f i re  hose . 

4 0  
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( d )  

-�'·- __ atcet� c.<l &  !§ 

Fi gure 1 0 .  I n-contai nment v i ews an d sect i on a l  pi eces of  the po l ar crane pen dan t :  ( a )  J i b  crane ;  D-r i n g  A 
i s  i n  l ower ri ght . ( b )  G i r der A of the pol ar crane . ( c )  Nor' ... h s i de of cab l e  i s  ash ; pl ast i c  tape i s  

charred a l l aroun d ; · no degradat i on un der the tape . ( d )  H al f  of c i rcumference i s  as h ,  h al f char ( ash i s  

gray , ch ar b l ack ) . 



( c )  

( b )  ' 

1 , , / 1 j f 1 , 1 , , ·, I I I • , I '1 I I � 1 ; � \ ..... ... ...,, .... ,,J ,.,.. ..,. 1., •• .,... '' •• � U r, "' 'W "'• ,., oo"\ ..., ..., u< � .., .._ 

{ d )  

, 

F i gure l l .  Sect i on s  from the to p part of  the po l ar crane  pen dan t :  ( a )  Low en d i s  compl ete char ;  rema i n der 

is one  s i de ch ar ,  one s i de ash . ( b ) C ab l es 3 1 -26 ; the h i gher the c ab l e n umber , the h i gher i t  was on the 

pol ar crane  pen dant . ( c )  Char aroun d comp l ete c i rcumference . ( d )  Cab l es 25- 1 7 .  

' : 

! 

. ' 
l 



( c )  

--- - -- -- - - -·- - - �� 
( b )  

- -- .a'· - - · ---=- .n .-.  - - - ;.§:; 

( d )  

zm : rae= 

...,; o:.;: o:, I I i 

« • 

F i gure 1 2 . Sect i ons  from the bottom part of  the pol ar crane pen dan t :  ( a )  Cab l es 1 6-8 . ( b )  Reverse s i des  

of cab l es i n  ( a ) .  ( c )  Len gths  3-5 , s howi n g  i n s u l at i on cuts an d check s .  ( d )  Lengths 8-9 ,  show i n g  charred 

cut . 

i 1 
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F i gure 1 5 .  Sma l l - sca l e  mater i al s  and test apparatus for TM I exempl ar �ater i al s .  Hydrogen 

f l ame outpu t was 6 W .  
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F i gure 1 7 .  Compar i son of  exemp l ars exposed to 1 80 J/cm
2 

for 30 s an d TMI mater i al s :  ( a )  E xempl ar 

tel ephone  rece i ver cor d .  ( b )  TMI rece i ver cor d .  ( c )  Exempl ar extens i on cor d .  ( d )  TMI exten s i on cor d .  



Fi gure 1 8 .  Compar i son of  exemp l ar acryl i c  exposed  to 1 80 J/cm2 for 30 s ( l eft ) an d TM I -2 te l ephone di a l . 
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F i g u r e  1 9 . Compar i son o f  e xempla r 

plywood ( f i r ) e·�posed to 1 8 0  J/cm
2 

for 3 0  s ( le f t )  a n d  plywood f rom TMI . 
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F i gure 2 1 . Compari son  of exemp .l ar tel ephone b o dy r· i eces an d TMI -2  ABS tel ephone !Jody :  ( a )  Exemp l ar 

expo s e d  to 1 20 J/cm2 for 20 s .  ( b )  Tel ephon� from rMI . ( c )  Exempl ar expo s e d  to 7 2  J/cm2 for 1 2  s .  ( d ) 

Tel ephone from TMI . 
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F i gure 22 . Compari son of  exempl ar s  and TMI-2 

pol yethyl ene -wrapped pl ywood :  ( a )  Exempl ar 

exposed  to 75 J/cm2 for 1 2 . 5  s .  ( b )  Exempl ar 

exposed  to 78 J / cm2 for 13 s .  ( c )  Scaffol di ng  

at  nn . 
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( a )  

()""1 
""" ( b )  

( c )  

F i gure  2 3 .  Compar i s on o f  e xemp l ar wet p l ywood an d TMI - 2  wet p l ywood : ( a )  Exemp l ar expos ed t o  1 80 

J /cri for 30 s .  ( b )  E xemp l ar exposed t o  360 J/cm
2 

for l m i n .  ( c )  P l ywood-fr amed c age at TMI . 
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� F i gure 24 . Exemp l ar r e d  rubber f i re hose  expose d to 360 J/cm2 for l m i n  ( l eft ) and  f i re hose  at TMI 
( . . t I n gn , . 


