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ABSTRACT 

As a basis for the anal;ysis of the hydrogen burn which occurred in 
the Three Mile Island Containment on March 28, 1979, a study of recorded 
temperatures and pressure� w,a.s made. Long-term temperature information 
was obtained from the multip1oint temperature recorder which shows 12 
containment atmosphere tempe1ratures plotted every 6 min. The contain­
ment atmosphere pressure rec1order provided excellent l ong- and short­
term pressure information. :Short-term i nformati on was obtained from 
the multiplex record of 24 channels of data , recorded every 3 sec, and 
the alarm printer record which shows statu s change events and prints 
out temperatures, pressures, and the time of the events. The timing of 
these four data recording systems was correlated and pertinent data 
were tabulated, ana l yzed, and plotted to show average containment temper­
ature and presc;ure versus t i1me . Photographs and videotapes of the con­
tainment entries provided qualitative burn information. 

Hydrogen concentrations were calcu l ated using the fol l owing 
information: 

a. Analysis of the burn peak projected bar� to a theoretical 
zero-time burn 

b. Ga� addition from containment temperature and pressure measure­
ments before the hydrogen burn 

c .  Gas depletion from containment temperature and pressure measure­
ments before and after the hydrogen burn 

d. Rate of pressure r i se dur ing the burn 

e. Oxygen depletion from chemical analyses . 

Postburn average ambient temperatures versus time were calculated 
from recorded pressure data, and from empirical data obtained from shock 
tube tests conducted by Rockwe l l in 1973.{1) Average temperatures were 
calculated for the region above elevation 347, below elevation 347, and 
within the 0-ring compartments . 

The analyses indicate the fo ll owi ng: 

l. Pr i or to the burn, the hydrogen was well mixed with the con­
tainment air. The average hydrogen concentration was calcu­
lated to be 7.9%, wet basis. 

2. The hydrogen burn occurred at all t hree levels in the contain­
ment. The burn was initiated somewhere in the lowest level; 
probably on the w€!St side. Even though the burn time was 
about 15 sec, nearly all of the burning occurred during a 
6-sec period. Over one-half of the burning occurred during 
the last 3-sec period. 
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3. About 3,570 standard (�,C) cub i c  meters (126,000 standard 
cubic feet) , 160 kg (35ll lb) moles or 319 kg of hydrogen burned. 
ApproxiMately 1.11 hydrogen remai ned after the burn and 0. 6% 
was released fr011 the r•�actor cooling system to containment 
during the first hour affter the burn. 

4. ContainMent gas temperatures i n  the flame front were about 
76QOC (14QOOF). The average contai nment gas temperature at 
the end of the burn was about 66QOC (12200f). 

5. The gas teMPeratures de•:reased much faster below elevation 347 
(large rati o  of exposed surface area to containment gas volume) 
than above elevati on 34;7 (low rat i o  of exposed surface area 
to containment gas volurne) . Curve� are presented which show 
the calculated average ��as temperatures versus time in these 
two contaiment zones a11d in the 0-rings. 

6. The average temperature rise of all materials and components 
in the reactor bu i lding ., i ncluding the conta inment shell, was 
calculated to be only ab�ut 1.2oc (2.20f) as a result of the 
hydrogen burn. Cons iderably more energy came from the hot 
water and steam vented from the cooling system to the contain­
ment than from the hydrogen burn. Thi s  resulted in the mas­
sive �hield temperatures increasing an average of about 4oc 
(80f) i n  2 days. In the long-term, most of the heat was re­
moved by the a i r  coolers. 

The burn damage observed was predominantly at the upper elevations 
and on the east and south quadrants . The vertical distribution resulted 
not only from the lower ratio of texposed surface area to gas volume at 
the upper elevati ons, but also from a more complete burning at the higher 
elevat ions. Therefore, s i gn i f i cant damage to hydrocarbon materials 
would be expected at h igh elevathms and not at low elevations. 

The reason for 1 ack of burn 1aamage on the west side is probab 1 y 
due to the steam vent from the co1olant drain tank terminat i ng on that 
side. Temperature data show the IPiest side temperatures heating rapidly 
whi le steam was venti ng , then actnJa l ly subcooling (from evaporation of 
wet surfaces) after steam venting was terminated. Similar h�ating and 
cooli ng d i d  not occur on the east side. Therefore, walls, floors, and 
equipment on the west side were v1ery wet and evaporation kept their 
temperatures near or below the boi 1 ing point of ·water throughout much 
of the postburn cooli ng period. 

On the north side the O-ring5 are relatively close to the contain­
ment wall� resu l t ing in a large natio of exoosed surface area to contain­
ment qas volume. This condition 1causes rapid !:Ooling which minimizes 
burn damage. 

Approximately 1.1% hydrogen �remained in the containment after the 
burn. Venti ng of the reactor cooling system du1· ing the hour following 
the burn added an additional 0.6�. Hydrogen concentratio11s increased 
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from this 1. 71 to about 2.:21 between March 30 and April 2 as the reac­
tor cooling system was vented. One of two Rockwell hydrogen recom­
biners was operated for 1 unonth and removed 112 kg of hydrogen. When 
recombiner operation was t1erm1 nated, the containment hydrogen concentra­
tion was 0.71. This hydro1gen was vented to the atmosphere in July 1980. 

A total of 459 kg of hydrogen gas were accounted for. Assuming 
somewhat arbitrilri ly that 1901 of the hydrogen was generated by the 
zirconium-steam reaction and 101 by radiolysis, 9,300 kg (20,500 lb) of 
zirconium would have been ·oxidized. 
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1.0 INTRODUCTION 

On March 28, 1979, as a result of a very unlikely series of adverse 
events, the Three Mile lsland-2 {TMI-2) reactor core lost coolant, over­
heated, and reactor core zirconium reacted with steam, oxidized, and 
liberated large quantities of hydrogen. Most of this hydrogen was ex­
hausted to the reactor containment where it later tgnited. This hydrogen 
burn has been analyzed with the following objectives: 

1. To determine how much hydrogen was produced and how much burned 

2. To gain an overall 1understanding of the nature of the burn , 

including the reasons for the nonuniform burn damage which 
was later observed. 

The major reasons for th1e first objec tive are {a) to assist in 
projecting the extent of reactor core damage and thereby to allow better 
planning for the clean-up and disposal operation and (b) to provide a 
correct evaluation of TMI-2 C1ondtttons to be used as a basis for safety 
rules being developed that are consistent with the potential for core 
damage and hydrogen generation. A primary reason for the �econd objec­
tive is that a basis is needed for the design of equipment which would 
remain operable during and after similar burns. 

The analysis was conducted based on actual recorded data obtained 
from the TMI data center. Empirical information and methods of calcu­
lation were obtained from existing reliable sources or developed from 
experience. The four major sources of TMI data and a brief descri ption 
of each foll ow. To avoid' conlfusion, the data are presented in the units 
indirated by the instrumentat·ion, rather than converting the data to 
Sl units. 

1. 1 P.tAlTlMETER 

lhe t ·eactimeter which was installed at fMI-2 is owned by Babcock & 
Wi l cox , lnd was used during pl ant startup and operati on . It mon i tors 
24 da ta points 5 times each s�!cond and was programmed to record the 
data at 3-sec intervals. fhh record provided the major source of short­
term containment pressure �nformat i on. The steam generator steam pres­
sure monitors uti li ze differential pressure devices which use the con­
ta inment pressure as the ze:ro reference pressure . Therefore, as the 
conta inment pressure increased it had the effect of indicating a corre ­

sponding drop in steam pressm·e. Ass(lming li tt l e or no change in steam 
condit ions during the burn and initia� cooling period, containment 
pressure poin ts were recorded each 3 sec for each steam generator. 
Reactimeter time was corrected to correlate with computer time by com­
paring definitive spike or steo change s recorded on both systems. Based 
on the times of the turbine ty·ip and reactor scram, 1 min and 10 or 
U sec would be added to the r·eactimeter time to equa l computer time . 

At the time of peak containment pres sure at the end of the hydrogen 
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burn, only 1 min 5.5 sec would be added to the reactimeter time to equal 
computer time. This indicates a shift in reactimeter/computer timing 
during the 9 hr 50 min period jpreced1ng the burn. 

1. 2 CONTAINMENT PRESSURE RECORDER 

The containment pressure 1recorder operating at the time of the 
hydrogen burn has two ranges. ··5 to 10 psig (67 to 170 kPa absolute) 
and 0 to 100 psig (101 to 786 kPa �bso lute). Therefore, a good contin­
uous record of containment pre�isure is available from this recorder and 
was used extensively in the anctl ys is. With care, the time can be read 
to less than 1 min. A few spot checks indicate that about 30 sec should 
be subtracted from thP. indicatE�d recorder time to equa 1 computer time. 

1.3 �LANT COMPUTER 

The plant computer sets the time for the entire plant and other 
timing system,s are torr·ected t<JI it for comparisons. Unless o therwise 
indicated, times stated tn this; report are computer time. 

1.3.1 Alarm Printer 

The alarm printer indicates the time when any of a lat·ge number of 
computer monitored events occur . The pr fn te r indicates 11low,11 11high,11 
or '1'norm'" (retll!Jrned to normal), and prov ides a printed record of the 
temperature , pressure, or flow, etc • •  as app ropri ate . When an event 
occurs and the read i ng �s off s cale , the printer indicates 11bad" and 
prints question marks h11 the parameter column. Another indication is 
''1cont.i' for 'Jlconitact input." Tihns is for open/close contact inputs and 
the printer indicates the resulting condit�ons such as high, low, tri p, 
isolation. norman, etc. h11 the !Parameter co 1 umn . Events are automati­
cal�y :·anned on a prepTianned basts. The pressure data used herein 
appear to be on a [-sec scan period. The temperature data appear to be 
on a 30-sec scan period. The t�me printed for an event represents the 
Ume the scan was completed. The order in which the events .are printed 
forr a given scan is t:t11e prrogramrned scanning order, not the chronological 
orrderr. Therefore, il t 'herma � ev��nt could have actually occurred up to 
30 sec prior to the printed alarm time. 

1. 3.2 Utiijity Printer 

The �tt1ity printer provides the operator with special summary , 
treiT11d, and sequence-of-events r��ports. The summary and trend reports 
list the numerical va�ues of se � ected data points at v ar ious times. 
The time shown for each nne is the time at which printing of the 1irJc 
started. not the actual time assoc i ated with the printed parameter. 
The sequence-of-events reports 1ccurately dis p l ay the sequential timing 
of a ser ies of events recorded fn the computer memory. 
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1.4 MULTIPOINT TEMPERATURE RECORDER 

This recorder prints 24 pc>ints (numbered 1 through 24) every 6 min, 
or one point every 15 sec. Tht! chart speed is 4.5 in./hr. The first 
four points indicate pr imary shield temperatures. Points 5 through 16 
indicate ambient air temperatUt�es as described in Table 1-1. Points 17 
to 24 are spares and pri"t neat· zero. 

This recorder provided tht! only long-term temperature information 
available for the conta inment atmosphere. Unfortunately, it was print­
ing points 17 through 24 and 1 through 4 during the hydrogen burn and 
initial cooldown. Neverthe1es!i, the data provided were very useful in 
the analysis. A copy of the chart was obtained and time-corrected for 
the fir!:t few do.ys following the event. 
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TABLE 1-1. Temperature Recorder Points and Their Response to 
Pressurizer Relief ValvE! (PRV) Opening (steam dumping). 
----��-----------------------r---------------------------

Number 

5 

6 

7 
8 
9 

Location 

Angle 
from north 

Elevation Ftadius 
(ft) (ft) 

1500 319 
( in east end of 
air cooler duct) 

2100 I 323 I 
(in west end of 
air cooler duct) 

l8B 
288 
288 

60 

60 

44 

52 

46 

Response 

Moderate 

Extensive - subcools after PRV 
is closed 

little 

LHUe 

Uttle 

10 2250 288 41 little - vnly after long de l ay 

1 1  

12 

l3 

l4 

i5 

hi 

{in coolant draun tank room) 

J53 

285 353 

45 littne - this sensor became wet 
' from contd inment spray and re­

mained wet for about 10 hr 
I , 56 ' fxtens ive - subcoo l s after PRV 
1 is closed 

2550 326 6i � Most extensive - subcools 
e:.-tensive�y after PRV is cl osed (near stairwell No. l) 

330 

3 10 

3W 

50 1 lL itt1e 

6'0 1 Moderate - got hotter and stayed 
hotter longer than No. 16 (on 
the east side) but did not 
appear to subcool after PRV 
c1osed 

51 Moderate 
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2.0 PREBURN CONDITIONS 

2.1 THERMAL-HYDRAULIC CONDITIONS 

Prior to the hydrogen burn at 13:50, the conta inment atmosphere 
had been heated repeatedly by steam released from the rea ctor coolant 
system (RCS). Temperature measurements showed that the containment 
atmosphere was cooled rapidly by the containment a ir coolers each time 
the pressurizer relief valve (PRV - specificall y  block va l ve RC-V2) was 
closed. At 13:49 on March 2:8, 1919, the PRV had been closed for approxi­
mately 42 min, except for one brief period starting at 13:21. At that 
time one of three temperatur1e sensors on piping in that area a 1 armed 
high. An analysis of typical alarm and reset times for these three 
sensors and an analysis of  c 1ontainment temperature trends indicate that 
the PRV was open for only a ·very short period and that the amount of 
heat or water vapor entering the containment was insignificant. By 
13:49 the containment coo ler�!i had reduced the gas temperature at sensing 
point 12, located at e.levation 353 ft, to SJDC (l28Df). Due to its 
high elevation and apparent protection from the containwcnt spray, this 
temperature sensing point fis beli eved to indicate temperatures nearer 
the aver�ge for the ent�re containment than any other temperature sensing 
point. Interesting ly , this temperature Is the same as the temperature 
indicated at 04:00 just prior to reactor trip. Key cond ·; t ions of the 
containment atmosphere just prtor to the burn are summarized in Table 2-L 

fABLE 2-1. ThennaD-Hydraulfc Conditions at the 
Containment BuiDdtng Just Prior to the 

Hydr�>gen Burn at 13:50. 

!Parameter State or value 
-------·-·---------t-----· 
Average gas temperatur� 

Gas pr<�!ssure 

lEst imated water vapor C<lncentrat uoro 

Air cooDer fDow rate 

IPIRV 

53 .JOC (1280f) 
ll0.3 kPa (16.0 psia) 

3.5 vo1� 

110.9 m3 I sec 
(235,000 ACFM) 

Had been open for 1/L 
to 1 min 

lfhe data presented !n lf.atb�e 2-l •were determined by a study of 
recorder· ch.wts and an ana�y�;is of :tlhe performance of the air coolers. 
Air coo1er flow rate is based on an nve coo l ers operating (recently 
cone h.1ded by Burns and :Roe atud TMI -2 person�e 1). 
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2.2 HYDROGEN INVENTORY 

A study of temperatures and pressures in the RCS i nd i cate that 
hydrogen was generated at a si�Jnificant rate beginning at approximately 
06:14. This is indicated by a pressure increase in the RCS that occurred 
at that time even though the PFtV was open and the apparent release of 
fission products prior to PRV c:losure at approx i mate l y 06:20. Hydrogen 
generation continued at a significant rate until approx i mate l y 06:54 
when coolant pump RC-P-28 was \'Jiperated . Tlhe flow of water into the 
core caused a rapid pressure rise, and also apparently terminated the 
metal-water reaction . This ti�1ing of hydrogen generatiqn genera l ly 
agree� \'lith ear Jier ana lyses pr·esented by Wooten et a 1. ( 2) and by 
Co 1 e . ( l ) 

Radiatfion monitors in containment began indicat i ng increases in 
radioactivity at about C6:20. One example is radiat i nn monitor HP-R-213 
�ocated in the fincore Instrument service area. Numerous radiation moni ­

tors ind icated responses by 06:30 (4). It is Hke1y that the monitors 
were detecting radioactivity which escaped from the RCS before the PRV 
was closed. Tlhe response time delay probably represents the time required 
for tlhe rad ioact hd ty to be tr.ansported tlhrouglh the reactor coo la.nt 
dtaffn tank {RCI!llf} and its vent line, then through the air coo l e rs and 
exhaust ducts to tlhle various parts of the bui1dfng where the monitors 
dre hlcated . fhe a Dterna.Uve is that the transfer of gas from the RCS 
occurred through an unidentified �eak path after the PRV was c l osed. 
However, most of the hydrogen that escaped from the RCS no doubt did so 
dur h11g times when the IPIRV was OJ»en. lrlhe Umt!-lhd story of hydrogen mass 
nn the conta�nment bufilld�ng was reconstructed us i ng the following data: 

• nmnng of projected hydrogen generat ion i:n the core 

• fffmffng of tihle PRV openings 

e Pressure c:!Hmges nn tlhe iRCS 

• CraTicu.llllated IQ!Udnt n ty of 111tydrogell'i conslllJmed in the burn 

• Measured IQIQ.IIdnt 1 ty ,of hydrogen present h11 conta ·i nme n t  after 
tlhe bur;n. 

��esunts from tlhds ra.nallysns dre exihlfli!Jijted gr{'lphicdlly 1n Figure 2-1. 
!PerihldipiS tlhle most Uli'TI!JlOrtant restLJ nt slhlown on f�<gure 2-1 is that the hydro­
gen 5CCtLJmulated in the containment atmosphere ever a 6 to 7 hr time 

peri od alllowing mlx�ng processes to d i s tr i bute hydrogen throughout the 
contdlnrnent vo•ume. �s indicated on figure 2-1, essentially all of the 
lhlydlrorge1T11 U11dt :daS n1111 thi1e conta1inment prior to the burn had been there 

for l to 7 hr, prov i dnng a relatively long mixing t i me . The exception 
to tlhlis is tlhle smaij1 qudnttty of hydrogen that was released when the 
PRV opened just prior to the burn. Only a relatively small quantity of 
lhlydro�en �loaM !have entef'ed contil.�nment dtJring th·is period because the 

IPIRV was open for ness t:han u min and :bectwse the RCS pressure was rel a ­

Uveny Do·w .and much of tlhe hydro�jfm hlad .al.ready been dumped at ea.rlier 

tijmes. 
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The mai n  entry po i nt of hydrogen to the conta i nment atmosphere was 
the d i scharge duct from the RCOT . Th i s  du ct [0.46 m ( 18-i n . )] d i ameter 
de l i vered gas ex i t i ng from the fa i l ed rupture d i sc to a po i nt out s tde  
the room wh i ch hou sed the RCDT . The duct termi nates be l ow the  e l eva­
t i on 305 (93 m)  f l oor at a po i nt reasonab l y  c l ose to the we s t  ( No .  1 )  
s ta i rway wh i ch i s  open at each f l oor .  Temperatures measured at e l eva­
t i on 326 i n  the v i c i n i t y of th i s  sta i rway ( sens i ng po i nt No . 13 on  the 
mu l t i po i nt recrrder) reacted qu i ck l y  to steam ex i t i ng from the RCOT 
exhau st duct , i nd i cat i ng that the steam p l ume had pas sed th i s  po i nt .  
The hydrogen/s team m i xtures entered other conta i nment  spaces  t hrough  
the open stai rway, f l oor grat i ngs and an  annu lar gap about 4 i n .  w i de 
between each f l oor and the conta i nment she l l .  

The hydrogen/steam m i xture wou l d  be i n i t i a.ll y h i ghl y buoyant and 
wou l d  tend to strati fy i n  each of the compartments i nto wh i ch i t  entered . 
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The tendency of hydrogen/steam mi xtures  to strat i fy i s  opposed by  a 
number of m i x i ng processes .  Among these are the fol l ow i ng :  

• Entra i nment b y  the ex i t i ng jet or p l ume 

• Natural convect i on due to temperature grad i ents a l ong wal l 
surfaces 

• Mol ecu l ar d i ffu s i on 

• Momentum of a i r  e>ti t i ng from a i r  cool er out l et ducts 

• Inter-room m i x i ng caused by a i r  f l ow from the a i r  coolers . 

Experiments conducteq �nder the support of the E l ectri c Power 
Research Inst i tute ( EPRI) { 5} have i l l u strated the degree of mi x i ng that 
occurs i n  a l arge test vesse l when heated hydrogen/steam mi xtures are 
jetted i n  at a l ocal  poi nt . The test compartment was 7 . 6  m ( 2 5 ft)  in 
d i ameter and 4 . 6  m (15 ft)  i n  he i ght , and represented a 0 . 3  s i ze sca l e  
of the l ower annu l ar compartment o f  an i ce condenser conta i nment . It 
was demonstrated that appr�ci ab l e  hydrogen concentrati on grad i ents cou l d  
pers i st on l y  during the i nject i on phase . After the sou rce was termi ­
nated , hydrogen concentrat i ons became un i form ( t o  w i th i n  a fract i on of 
1% hydrogen) wi th i n  a few mi nutes . 

In the TMI-2 conta i nment a l l of the m1x1ng mechani sms noted above 
were operat i ona l . Temperature d i fferences of lQOC to 3ooc (Z;.:J1. to 
600F )  typ i cal l y  existed between gas and wa l l s ,  ensur i ng the 0\i s tence 
of turbu l ent  bou ndary l ayers on wa l l s .  A l so,  the cool ers rec i rcu l ated 
contai nment ai r an average of once every 8 to 9 mi n .  For !nost of the 
hydrogen in conta i nment , these mi x i ng processes had �our·s to apr-ate 
mak i ng i t  a l most certa i n that the bu l k  of the hydrogen wou l d  ha1e been 
we l l  mi xed throughou t  the contai nment space .  The smal1 4uantity of 
hydrogen re l eased duri ng the per i od when the PRV was open �mmed i ate l y  
pri or to t he burn wou l d ,  of course , not have had t i me to mi x wi th  a l l 
of the conta i ned gas , and sma l l l ocal  vol umes of h i gher hydrJgen concen­
trat i on wou l d  have ex i sted at the t i me the burn began . 

L1 summary, a cursory app l i cat i on of existi  .. g ITii x i ng "ata to the 
TMI-2 preburn atmosphere l eads to the conc l w:,ion U. :. at U;e t i me of 
the burn , the bul k of the hydrogen was we l l  mixed t�roughout the con­
tainment atmosphere . Except for the reg i on of the vent p l ume , i t  i s  
un l i ke l y  that concentrat i on d i fferences es mu ch as 1% hydrogen cou l d  
have ex i sted between the upper conta i nment and reg i ons be l ow e l eva­
t i on 305 .  
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3 . 0  HYDROGEN BURN 

3 .1  CONTAINMENT PRESSURES AND TEMPERATURES 

As previ ously stated , the contai nment pressures resu l t i ng from the 
hydrogen burn are shown on the pressure recorder and the steam pressure 
monitors for the Once Through Steam Generators {OTSG ) ,  A and B .  There 
were al so  10 pressure swi tches cal i brated to actuate at abou t  24 . 7  kPa 
(3 . 58 psi g )  and to reset at about  20 . 7  kPa { 3  ps ig )  and 6 pressure 
swi tches cal i brated t o  actuate at about 184 kPa { 26 . 75 ps i g )  and to 
reset at about 180 kPa (26 ps i g ) . These swi tches were moni tored by the 
plant c omputer; therefore , the t imes that these swi tches actuated and 
reset are accurately known . Pressure swi tch actuat i on data are deta i l ed 
i n  Tab l e  3- 1 .  Based on these accurate l y  t i med and ca l i brated data, the 
OTSG A and B pressure data were corrected by add i ng 1 mi n 5- 1 /2 sec to 
the react i meter t ime for that peri od ,  adjust i ng the pressure at the 
t ime the hydrogen burn started to 9 . 0  kPa { 1 . 3  psig )  (from the pressure 
recorder) , t hen i ncreas i ng the i nd i cated va l ue of each pressure poi nt 
by 7 . 7% ,  a span correct i on wh i ch matches the cal i brated pressure poi nts .  
A p l ot of t hese data near the time of the end of the burn i s  shown i n  
F i gure 3- 1 .  A composi te of the data ava i l ab l e  from a l l three sources ,  
from the t i me just pri or to the hydrogen burn unt i l after the cont a i n­
ment spray was termi nated , is shown i n  F i gure 3-2. The average contai n­
ment gas/vapor temperature was cal cu l ated from the contai nment pressure 
{after the hydrogen burn) by the fol l owi ng express i on ,  and the resu l t i ng 
temperature sca l e  was added to  F i gures 3- 1 and 3-2 . 

where 

T1 = i n i tia l  abso l ute temperature 

T2 = abso l ute temperatu re at the t i me of i nterest 

P1 = i n i t i a l  abso l u te pressure 

P2 abso l ute pres sure at the t ime of interest . 

Th i s  express i on corrects for the hydrogen and oxygen burned and 
the water vapor produced by the react i on .  I ts  accuracy assumes no con­
densat i on (or add i t i o n )  of water vapor. Note that the temperatu re is 
the conta i nment average wh i ch inc l udes t he l owest ( a i r  coo l er out l et )  
to the h i ghest ( dome ) conta i nment gas temperatures .  Of the avai l ab l e  
temperature sensors , sensing point No . 12 i s  be l ieved t o  best represent 
th i s  average temperature . 
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Rack No./ Penetration 
color No./length 

472/red 545A/64 ft 

455/green I 554C/28 ft 

467/ 562C/60 ft 
ye 11ow 

452/blue 571C/30 ft 

TABLE 3- 1 .  Pressure Switch Actuation and Reset Time Data from the 
Alarm Printer During the Hydrogen Burn. 

Trip calibration 
Elevation/ Channel Switch Input Actuate Norm check (psig) Reset calibration 

angle RB No. BSPS No. time time check 07/82 (ps1g) 
03/79 07/82 

324 ft/ 1A 3259 2833 50:21 53:37 -- 3.5 3.4 
150 18 3987 3278 50:21 55:15 -- 3.4 2.85 

3.5 2.8 
-- 3570 3167 50:21.3 53:14 -- 3.58 3.15 

-- 3.52 3.2 
-- 3.5 --

4A 3253 2836 50:27 50:32 27.05 25.5 24.! 
-- 25.9 24.8 
-- 26.1 24.8 

48 3256 3281 50:27 50:31 27.85 28.15 27.2 
-- 27.0 26.1 
-- 26.55 25.1 

319 ft/ 2A 3260 2834 50:21 54:01 -- 3.58 3.35 
4()0 28 3988 3279 50:21 54:03 -- 3.6 3.3 

-- 357i 3168 50:21.0 01:44 -- 3.55 3.0 
-- 3.50 3.1 
-- 3.75 2.4 

SA 3254 2837 50:27 50:32 27.30 25.8 24.7 
-- 26.1 25.3 
-- 24.9 23.8 

58 3257 3264 50:26 50:32 26.60 25.9 24.5 
-- 25.5 24.6 
-- 26.5 25.1 

319 ft/ 3A 3261 2835 50:21 59.15 -- 3.8 3.3 
450 38 3989 3280 50:21 53:32 -- 3.55 3.40 

-- 3572 3169 50:21.2 53:49 -- 3.55 3.1 
-- 3.55 3.2 
-- 3.45 3.33 

6A 3255 2838 50:27 50:32 27.75 27.6 25.3 
-- 27.4 25.9 
-- 28.2 26.1 

68 3258 3265 50:27 50:31 27.35 26.6 25.4 
-- 26.6 25.5 
-- 26.9 25.7 

293 ft/ -- 3573 3170 50:21.4 52:53 -- -- --

450 
' 

Reset corrected to 
03/79 calibration 

(psi g) 

25.8 

26.75 

26.3 

25.4 

25.8 

26.2 
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3 .2 QUANTITY OF HYDROGEN BURNED 

The quanti ty of hydrogen burned was ca lcu l ated u s i ng f i ve d i fferent 
method s ;  these methods are l i sted i n  what i s  bel i eved to be t he order 
of best accuracy: 

1 .  Analys i s  of the burn peak pressure-temperature projected back 
i n  t ime to a theoret i cal  11 zero-t ime 11 (a.d i abat i c ) burn 

2. Gas add i t i on cal cu l ated from contai nment temperature and pres­
sure measurements before the hydrogen burn 

3 .  Gas dep l et i on cal cu l ated from contai nment temperature and 
pressure measurements just pri or to and after the hydrogen 
burn 

4 .  Pressure r i se rate and f l ame front ve l oc i t i es duri ng t h e  burn 

5 .  Oxygen dep l et i on from chem i ca l  ana l yses . 

3 . 2.1  Theoret i cal  "Zero-Time" Burn 

The project i on or extrapol at i on of the burn pressure - temperature 
back to a theoret i cal  "zero- t ime 11 burn i s  s hown on F i gure 3-1 . The 
t i me se l ected for the theoret i ca l  burn was based on a tr i a l  and error 
approx i mati on method wh i ch ba l anced the integra l of the temper ature 
t i mes the cool i ng t ime before the t heore t i ca l  burn , w i t h  that after the 
theoreti cal burn to  the end of the burn. Th i s  method resu l ted i n  the 
t i me for the theoret i ca l  burn to be 4 sec pr ior to the end of the  burn 
as i nd i cated by the measured peak pres sure . The extrapo l at i on based on 
emp i r i ca l  heat transfer i nformat i on ( to be d i scussed l ater)  a l so appears 
to be cons i stent wi th  a graph i ca l  project i on of the measured data po i nts . 
Th i s  extrapo l at i on/project i on crosses the theoret i c� l  burn t i me at 7600C 
(14000F ) .  Th i s  temperature shou l d  be i ncreased by approx i mate l y  3ooc 
( 500F) to 7900C ( 14500F ) to compensate for the aftcrbu rn wh i ch occurred 
at about 1 3:50:4 5 .  ( See Sect ion 4 . 3 . ) From a p l ot o f  the predicted 
conta i nment temperature for an ad i abat i c ,  i sochori c ,  hydrogen burn shown 
i n  F i gure 3-3 , the hydrogen bu rn consumed 6 . 8% hydrogen on a tot a l  wet 
( 3 . 5% water vapor) bas i s .  

3 . 2 . 2  Gas Add i t i on 

Gas add i t i on ca l cu l at i ons have suffered from the d i ff i cu l ty of 
accurately pred i ct i ng the quant i tie s of  water vapor pre sent i n  the con­
ta i nment atmosphere at d i fferent times . A study was made of  the  effect 
the gas coolers have on the water vapor content or re l at i ve humi d i ty of  
the contai nment gas . I t  was fou nd that the gas coo l ers are very effi­
c i ent i n  remov i ng water vapor from the conta i nment . W i th f i ve b l owers 
operat i ng at fu l l  f l ow ,  22 . 2  m3/sec ( 4 7 , 000 ft3/mi n )  each , the 57 , 600 m3 
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( 2 , 033 ,000 ft3) of gas i n  the contai nment  goe3 through the a i r coo l ers 
once every 8 . 65 m i n .  Therefore , i n  42 m i n the contai nment gas vo l ume 
passes  t hrough the coo l ers an average of 4 . 85 t i mes. W i th perfect m i x­
i ng ,  and wi th  no change i n  gas coo l er out l et  temperature , th i s  wou l d  
reduce the water vapor to w i th i n  3 . 5% of that of the saturated gas l eav­
i ng the gas coo l ers. Th i s  i s  l ower than s hou l d  be expected s i nce m i x i ng 
i s  not perfect , and the gas coo l er out l et temperature was decreas i ng as 
i n l et temperatures decreased and the water content was redu ced. To 
check a i r  coo l er performance . two stud i es of temperature and pressure 
d at a  were made start i ng at 1 5 :07  and 1 7 : 04 ,  when t he PRV was c l osed ( no 
steam be i ng dumped to conta i nment ) .  These stud i es i nd i cate that about 
85% of the water vapor removed i n  87 m i n  had been removed i n  42 mi n 
( see F i gure 3-4 ) .  Therefore , when the PRV had been c l osed for 42 m i n ,  
the  water vapor fract i on i n  the contai nment was on l y  about 1 5% h i gher 
than that i n  the water-saturated-a i r l eav i ng the a i r  coo l er. Tab l e  3-2 
summar i ze s  conta i nment gas and water vapo� cond i t i ons  and qu ant i t i es. 
The tab l e  i nd i cates that at 04 : 00 ,  p r i or to  turb i ne tr i o ,  2 , 073  kg  
{4 , 561  l b ) mo l es of dry qas  are cal cu l ated to  h ave been i n  conta i nment . 
At 1 3 : 50 ,  just pri or to the hydrogen burn , 2 , 26 1  kg ( 4 , 974  l b ) mo l es of 
dry gas are ca l cu l ated to have been i n  the contai nment , a d i fference of 
188 kg ( 4 1 3  l b )  mo l es. Correct i ng for about 2 7 kg (6 l b ) mo l e s of 
f i s s i on gas , about 185 kg ( 407 l b ) mo l es of other gas , presumab l y  hydro­
gen , had been added. Th i s  i nd i cates that 7 . 9% hyd rogen on a wet ( 3 . 5% 
water vapo r )  bas i s  was present i n  conta i nment just  pr i or to the hydrogen 
burn. Su btract i ng the prev i ou s l y  ca l cu l ated 6. 8% hydrogen burned , 1 . 1% 
hydrogen wou l d  have been i n  conta i nment  after the hydrogen burn . 

3 . 2 . 3  Gas Depl et i on 

Gas dep l eted from the conta i nment atmosphere by the hydrogen burn 
i s  ca l cu l ated to be 214 kg  ( 4 7 1  lb } mole s . Th i s  number i s  the d i fference 
between the gas i nventorie s befo re and after the bu rn , as l i sted i n  
Tab l e  3-2 , p l u s  the 10 k g  ( 2 3  l b ) mo l es of  gas  e s t i mated to h ave been 
d i scharged from the RCS to conta i nment  when the PRV was open between  
14 : 00 and 1 5 : 0 7 .  Two-th i rds  of th i s  wou l d  have  been hydrogen and  one­
t h i rd oxygen. Therefore , th i s  met hod i nd i cate s that 1 42 k g  ( 3 1 4  lb ) 
mo l e s of hydrogen were removed dur i ng the hyd rogen bu rn . Th i s  i s  6 . 1% 
o n  a wet bas i s ,  wh i ch i s  0 . 7% lower than the  6 . 8% prev i ou sly calculated . 
Both  methods appear to be qu i te accu rate and , therefore , this 0 . 7% 
hydrogen d i fference i s  d i ff i cult to exp l a i n .  From a hyd rogen b a l ance 
and the ot her met hods  of calcu 1 at i on , the h i gher  value i s  cons i dered to 
be c l osest  to the ac.tual valu e .  

3 . 2 . 4  Pres sure R i se Rate and Flume veloc i t i e s 

Determ i n i ng hydrogen concentrations  from the rate of  pre s sure r i se 
and f l ame propagat i on veloc i t i es i s  qu al i tat i ve at be st . The rate of  
pressure r i se i s  not on l y  dependent on the hyd rogen percent age , bu t 
a l so on  the  s i ze ,  shape , vert i ca l -to-hor i zontal or i entat i on of  the  vesse l , 
t he  number cf compartments  and barr i ers , s i zes and numbers of open i ng s , 
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TABL E  3- 2 .  Quan ti t i es of Gas and Water Vapor i n  Contai nment at Sel ected Times . 

Gas coo ler outletc n-dry gas 
nb total Gas 

Date Time Temperatu.,-e Pressure wet Vapor pressure (OF) a ( ps i g )  Temperature lb mo l es (Of ) pressure ( ps i  a )  Calcu l atgd 
( ps i )  l b  moles 

03 /28/79 0400 128 - 0 . 20 

0620 143 +2 . 20 

0713 130 +0.40 

0900 157 +4 . 30 

1 308 135 +2 . 60 

1 350 128 +1 . 30 

! 1507 I 138 I +0 . 95 

1549 127 - 0 . 20 

1634 124 -0.40 

1 704 131 +0 . 65 

1 746 124 -0.25 

1810 1 23 . 5  -0 . 40 

1830 1 21 . 5  -0.1!5 

03/29/79 e 103 -0 . 90 

03/30/79 e 95 - 1 . 1 0  

03/31/79 e 92 - 1 . 10 

04/01 /79 e 90 - 1 . 15 

NOTE : PRV = pressure rel i ef v a l ve .  

Pre burn 

4, 741 82 0 . 55 I 1 3 . 95 

5 , 310 -- - - --
4 , 849 90 0 . 75 1 4 . 35 

5 , 835 -- -- --

5 , 509 -- -- - -

5 , 156 78 0 . 47 1 5 . 53 

Postburn 

4 , 959 -- - - - -
4 , 680 72 0 . 39 1 4 . 1 1  

4 , 639 69 0 . 35 1 3 . g5 

4 , 92 1  -- -- --
4 , 688 71 0 . 38 1 4 . 07 

4 , 643 68 0 . 34 1 3 . 96 

4 , 643 6i 0 . 33 1 3 . 92 

4 , 644 61 0 . 27 1 3 . 53 

4 , 643 59 0 . 25 1 3 . 35 

4 , 668 59 0 . 25 1 3 . 35 

4 , 668 59 0 . 25 1 3 . 30 

aTemperature at El 353 ft ( No .  1 2 )  consi dered to be average for cont a inment . 
bfrom gas l aw ,  n = PV/RT = 189 , 4 70 P/T for 2 . 033 x 1 06 ft 3 vo l ume . 
cTemperature and saturat i on vapor pr<!ssure at gas coo ler outlet (No .  5 �11d 6 ) . 

4 , 56 1  

--
4 , 608 

--

--

5 , 004 

--

4 , 554 

4 , 526 

--
4 , 564 

4 , 533 

4 , 535 

4 , 533 

4 , 558 

4 , 582 

4 , 582 

Correcte� 
lb mo l es 

4 , 561 

.r4, 590 

4 , 5go 

.r4 , 735 

4 , 974 

4 , 974 

4 , 526 

4 , 526 

4 , 526 

4 , 533 

4 , 533 

4 , 533 

4 , 535 

4 , 553 

4, 558 

4, 582 

4 , 582 

% water 
vapor 

(wet bas i s )  
Conments 

3 . 9  Before turbine t r l� 
v " 2 ,063 ,000 ft. 

1 3 . 6  PRV closes 
5 . 3  53 mi n after PRV c losed 

1 8 . 9 Maximum pressure from steam 
release 

g. 7 PRV c loses 

3 . 5  42 mi n after PRV c losed 
V = 2,033,000 ft 3 (water added) 

8 . 7  PRV c loses 

3 . 4  4 2  m i ll after PRV c losed 

2 . 4  8 7  min after PRV cl osed 

7 . g  PRV c l oses 

3 . 3  4 2  m i n  after PRV c l osed 

2 . 4  66 m i n  after PRV c l osed 

2 . 4  86 m i n  after PRY c l osed 

2 . 0  1 day after burn 

1 . 8  2 d ays after burn 

1 . 8  3 days after burn 

1 . 8  4 days after burn 

dcorrected on the bas i s  of the longer ter·m data shown in F i gure 3-4. fh i s  correct i on is based on the assumpt i on that 85 mi n after the PRY has 
been c l osed , the % water vapor i n  the conta i r,ment gas is the s ame a s  that at the gas coo ler out l et . 

eNear noon, but at t ime of min im�n ter..perature and pressur e ,  when they are f l uctuat ing ( apparent l y  due to s team add i t ions ) .  



and i n i t i a l turbu l ence . I n  test vesse l s ,  a l l re l at i ve ly very sma l l 
compared to the 57 , 600 m3 { 2  mi l l i on ft 3 ) TM I -2 contai nment bu i l d i ng ,  
typ i ca l  burn ve l oc i t i es for gases conta i n i ng about 8% hydroge n  are l ess  
than  1 . 5  m/sec ( 5  ft/sec ) . Hor i zonta l  burn ve l oc i t i es are much l ower 
than vert i ca l -upward ve l oc i t i e s .  F l ames do not propagate downward i n  a 
qu i e scent atmosphere for hydrogen concentrat i ons be l ow 9% i n  a i r .  
Turbu l ence i ncreases downward propagat i on ,  but ve l oc i t i es are l ow ,  
depend i ng o n  the amount o f  turbu l ence . S i nce pressure data i nd i cate 
that the hydrogen burned i n  approx i mate l y  15 sec , w i th mos t  of the burn 
occurr i ng i n  l es s  than 6 sec . i t  can be i nferred that the burn path was 
predom i nant l y  from the bottom u p .  E ven so , for a burn extend i ng vert i ­
c a l l y  a l most  60 m ( 200 f t )  and hori zonta l ly about 30 m ( 100 f t )  burn 
ve l oc i t i es were h i g her than those typ i ca l l y  measured i n  sma l l ve s se l s .  
The i n i t i a l turbu l ence created by f l ow from the a i r  coo l ers , and the 
1 1 C h i mney11 effect caused by a vert i ca l  burn i n  such a l arge and par·­
t i cu l ar l y  t a l l contai nment wou l d  create h i gh vert i ca l  ve l oc i t i es .  The 
turbu l ence wou l d  a l so i ncrease the hor i zonta l ve l oc i ty component . Wh i l e 
the compartments be l ow e l evat i on 305 wou l d  i nh i b i t  hor i zonta l f l ame 
propagat i on ,  the re l at i ve l y open area between e l evat i ons 305  and 347 , 
the  many open i ngs  t h rough the  f l oor at e l evat i on 347 , and the h i gh open 
bay above e l evat i on 347 wou l d  resu l t  i n  h i gh v e l oc i t i e s ,  part i cu l ar l y  
upward , b u t  a l so l atera l l y  ar.d even downward i n  the u nbu rned areas . 

To further deve l op the burn � peed and path , i t  i s  noted that the 
PRV was opened at some t i me between 1 3 : 49 : 05 and 1 3 : 49 : 35 as  i nd i cated 
by t he a l arm pr i nter . ( The PRV out l et temperature went 1 1 h i g h 1 1 at t hat 
t i me . ) The PRV was c � 8sed s hort l y after the cont a i nmen t  pre s s u re sp i ke 
was observed at 1 3 : 50 : 27 .  Th i s  gas was d i s c harged through the  reactor­
coo l ant d r a i n-tank  rupture-d i sk vent- l i ne be l ow e l evat i on 305 near the 
wes t  s i de of  t he cont a i nmen t . The pr i mary upward f l ow path from t here 
i s  throug h  the open s ta i rwe l l No . 1 .  Therefore , t h i s  l ow den s i ty s team­
hydrogen p l ume wou l d  f l ow p r i mar i l y  up the open sta i rwe l l to the top of  
t he cc .  1 i nment  bu i ' u i ng . Th i s  resu l ted i n  a reg i on o f  h i gher  hydrogen  
concent • ctt i on at a l l l Pve l s near the open s ta i rwe l l .  

There are a number of  e v i dences  t hat  t he hydrogen burn occu rred 
be l ow e l evat i on 305 . The mos t  conv i nc i ng of these  are ca l cu i at i ons  
wh i c h s how that  t he temperatu 1·es  mon i tored t here aft�r t he hydrogen  
burn  were h i gher  t han they cou l d  h ave been i f  heated on l y  by  the supp l y  
a i r  wh i c h had j u s t  pas sed through  t h e  a i r  coo l ers . Further , t hose tem­
perature s i nd i c ate  a cons i s tent  trend w i t h  the other h i gher  e l e vat i on 
temperatu re s , as s hown � n  F i gu re 3- 5 .  

An i nd i c a t i on that  the hyd rogen burn was i n i t i a ted a t  some po i n t 
be l ow e l e vat i on 30 5 and on  the we st  s i de of  co nta i nmen t  i s  t hat  the 
pre s s u re r i se re corded for OTSG A,  l oc ated on the we s t  s i de be l ow e l e ­
vat i on 305 ,  ro se i n  pres sure 3 sec  sooner than i t s i dent i c a l  tw i n ,  
OTSG 8 ,  l oc ated i n  a compartment on  the far east  s i de of  con t a i nmen t  
be l ow e l evat i on 30 5 .  E v e n  t hou g h  t h e  se��or i n l et l o cat i on f ·r OTSG B 
may have  been u nder water at t he t i me ,  ca l cu l at i ons  backed by water 
f l ow measu rement s  t hrough the s c reen at t he bottom of  t he i ns t rume n t  
s how t h a t  i t s de l ay wou l d  have been l e s s  t h a n  0 . 2  sec  w i t h  a pres sure 
l ag or  negat i ve error of l e s s  than 0 . 5  p s i  as  a re su l t  of  hav i ng i t s 
reference open i ng u nder water . 

1 8  
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The pressure l ag i n  the east compartment bel ow e l evat i on 305 i s  
a l so shown by pressure swi tch BSPS 3573 (wh i ch has i ts pressure sens i ng 
poi nt  i n  that area) be i ng the l as t  of 10 pres sure swi tches , nomi nal l y  
set t o  tri p a t  24 . 7  kPa ( 3 . 58 ps i a ) , t o  be actuated . The other n i ne 
pressure swi tches have pressure sens i ng po i nt s  i n  the l arge open area 
on t he east s i de of contai nment above the f l oor at e l evat � on 305 . Th i s  
supports the hypothes i s  that at l east some of the i nd i cated OTSG pres­
sure l ag appears to be rea l  and that the burn or i g i n  was i n  the compart­
ment at the l ower west  s i de of the contai nment . 

Four temperature a l arms mon i tored by the p l ant computer ( see 
Tab l e  3 - 3 )  show t hat the hydrogen burn occurred i n  both 0-r i ng s . 

Dur i ng the f i rst  6 or 7 sec , wh i l e the pressure was s t i l l  re l at i ve ly 
l ow ,  t l 1e burn i ng gases  were expand i ng as i n  open , re l at i ve l y  constant 
pres sure burn i ng .  Resu l t i ng f l ame temperatures were cons i derab l y  l ower 
than for constant-vo l ume comp l ete burn i ng .  Correspond i ng ly ,  the l arge 
vo l ume of  u nburned gas was i ncreas i �g i n  temperature as a resu l t  of 
compre s s i on heat i n� .  Th i s  compre s s i on heat i ng cont i nued u nt i l the burn­
i ng stopped . When about ha l f of the hydrogen had been burned , the  abso­
l u te pres sure i n  the conta i nment had dou b l ed ,  and the temperature of 
the u nburned gas had i ncreased f rom the 53oc ( 1280F ) average i n i t i a l 
temperature to 1 22oc ( 2520F ) .  Near the end of  the burn when the abso­
l u te  pre s su re was approach i ng 3 atmosphere s ,  compress i on heat i ng wou l d  
have i ncreased the u nburned gas temperature to 16Boc ( 3350F ) . See 
Append i x  for more deta i l .  I n  the l arge open vo l ume above e l evat i on 347 , 
rad i ant heat transfer from the burned gas to the unburned gas m i ght  
have been  even more s i gn i f i cant . W i th  the i ncreased preheat i ng ,  tu rbu ­
l ence resu l t i ng from compre s s i on and convect i o n  current s ,  and the grow­
i ng � i ze of the f l ame front at a l l l eve l s ,  the ab i l i ty for the gas to 
burn l atera l l y  and downward wou l d  be cont i nua l l y  i ncreas i ng .  Ana l ys i s  
of the  pressure sp i ke i nd i cates that the l ast one-ha l f  of the gas to 
burn , compre s sed to one-fourth of the contai nment vo l ume , burned i n  
l e s s  t han 3 sec . 

F i rst  i ntu i t i on m i ght  be to say that from the h i gh pressure r i se 
rate , w i th  f l ame ve l oc i t i e s apparent l y  above 9 m/sec ( 30 ft/sec ) for 
mu ch  of the l ast  6 sec , the hydrogen concentrat i on mu st have been over 
9% or 10% .  Howeve r ,  cons i der i ng the e n t i re burn , wh i ch occu rred i n  
approx i mate l y  1 5  sec , the compre s s i on and rad i ant preheat i ng ,  tU l·bu l ence 
and i nd uced f l ow from the  gas coo l er syst em ,  the l ocal l y  hydrogen-enri ched 
p l ume mov i ng up  the sta i rwe l l w i th i t s turbu l at i ng act i on ,  and wi th  the 
t a l l c h i mney effects caused by natura l convect i on i n  the  h i gh open­
burn i ng reg i on ,  i t  appears that the  burn cou l d  have occurred as rap i d l y  
as i t  d i d i n  a hydrogen concentrat i on as l ow as the prev i ou s l y ca l cu l ated 
7 . 9% on a wet  bas i s  ( 8 . 2% on a dry bcts i s ) . 

3 . 2 . 5  
The oxygen d ep l e t i on met hod as sume s ,  as  a preburn cond i t i on .  that 

the  cont a i nment atmosphere i s  a i r w i t h  added hydrogen . Dur i ng a hydro­
g e n  burn , hyd rogen and oxygen on a 2 to 1 rat i o  are converted to water . 
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N 
......... 

Computer 
I nstrument i nput 

abbrev i at i on number 

0403 RV IA  
0404 RV I B  

0422 RCP IA 
0425 RCP I B  

TAB LE 3- 3 .  Temperature Data Re l ated to Burn Pat h .  

Ang l e  Actuat i on 
E l evat i on Rad i u s 

( ft)  
degrees ( ft ) T i me Temperature from north hr :m i n : sec* (Of ) 

355  250 30 1 3 : 50 : 35 204 
355  250 30 1 3 : 50 : 35 205 

327 300 40 1 3 : 50 : 36 157  
327 60 40 1 3 : 50 : 36 125  

*Actu a l  t i mes of  events were 0 to  30  sec  pr i or to  the  t i me shown . 

Comments 

Pressuri zer re l i ef 
va l ve out l et temp-
perature sensors 
are c l amp-on type E 
thermocoupl es ap-
parent ly  exposed to 
the ambi ent a i r .  

Reac't:or cool ant 
pump rnotor i n  1 et 
a i r  temperature 
sensors are M i nco 
100 ohm p l at i num 
dual RTDs . 



Therefore , a postburn ana l ys i s  of the  oxygen can be used to determ i ne 
the  amount of hydrogen l ost . Th i s  method of ca l cu l at i ng the  amount of 
hydroge n  burned i s  only as good as the oxygen ana lys i s  data ava i l ab l e .  
Unfortunate l y ,  the  oxygen data obtai ned after the TMI -2 hydrogen  burn 
does not s how good cons i stency . The resu l ts of two ana l yses  of a con­
t a i nment  gas samp l e  taken at 0600 on 03/3 1 / 79 and the average of f i ve 
samp l es taken on 04/01 /79 are shown i n  Tab l e  3-4 .  I t  i s  not  known wh i ch 
are the  best  data . I t  was reported at the t i me that samp l i ng procedures 
were c hanged after the f i rst day to mi n im i ze exposure to those tak i ng 
the samp l es .  A l so ,  an a i r  l eak i n  the samp l i ng system i s  su spected . 
A s sum i ng t hat the hydrogen burned from 8 . 2% {dry bas i s )  down to 1 . 1% ,  
t h e  res u l t i ng gas bal ance wou l d  be a s  shown i n  Tab l e  3-4.  

TABLE 3-4 . Gas Ba l ance , Burni ng from 8 . 2% Hydrogen in  A i r  
( Dry Bas i s )  to 1 . 1% Hydroge n ,  and Postburn Gas Ana l yses . 

Oxygen Hydrogen N i trogen Tota l 

A i r  - I n i t i a l 0 . 2 1 0  - - 0 . 790 1 . 000 
cond i t i on 

Hydrogen/a i r  m i xture 0 . 193  0 . 082 0 .  725  1 . 000 

Removed dur i ng burni ng 0 . 036 0 . 072  0 0 . 108 

Pos tburn 
Rema i n i ng fract i on 0 . 1 5 7  0 . 0 10 0 . 72 5  0 . 892 

Rema i n i ng % 1 7 . 6  1 . 1  8 1 . 3  100 . 0  

Ana lyses  (% )  
03/3 1 /79 16 . 1  1 . 7  82 . 2  100 . 0 

03/ 3 1 /79a 1 6  . l1 1 . 1 82 . 7  100 . 0  

04/0 1 /79 18 . 8  2 . 2  79 . 0  100 . 0  

04/0 1 / 79b 19 . 0 1 . 1 79 . 9  10G . O  

aCorrected back t o  pos t burn cond i t i on by remov i ng 0 . 6% hyd rogen 
e s t i mated  to  have been added to conta i nmen t  whe n  the  PRV was open 
s hort l y  a f ter  the hyd rogen  burn . 

bCorrec ted back to  pos tburn cond i t i on by remov i ng 1 . 1% � yd roge n ,  
wh i c h i nc l ud e s  0 . 5% hyd rogen added to conta i nment  du r i ng 0 3 / 3 1 / 79 and 
04/0 1 / 79 . 

S i nc e  t he 0 3 / 1 1 /79 gas  ana l ys i s  s hows l ower oxygen than  the  projec­
ted  pos tburn  cond i t i on , and the  average of  the  04/0 1 gas ana l yses  and a 
�umbe r o f  ana l y s e s  made on  04/02 and 04/03 s how h i gher oxygen t h an pro­
j ec ted , t here appears to be no reason to mod i fy ear l i er conc l u s i ons  
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based on th i s  oxygen dep l et i on anal ys i s .  However , the many h i gh oxygen 
anal yses cau se one to cons i der that a s i gn i f i cant fract i on of the hydro­
gen may have been generated by rad i ol ys i s ,  wh i ch wou l d  a l so have produced 
oxygen . 
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4 . 0  POSTBURN TEMPERATURE D ISTRI BUTIONS 

The temperature-t i me h i story of gas i n  the postburn atmosphere 
p l ays a key ro l e  i n  determ i n i ng burn damage .  The contai nment average 
temperature-t i me h i story i s  shown i n  F i gure 3-2 . The fol l owi ng analyses 
were made to determ i ne how rap i d l y  coo l i ng shou l d  be expected and to 
i l l u s trate how the temperature- t i me h i story var i ed i n  var iou s  conta i n­
ment reg i ons . 

4 . 1 HEAT REMOVAL BY A I R  COOLER 

Each of the reg i ons  of the  conta i nment i s  vent i l ated by coo l a i r  
supp l i ed by t h e  a i r  coo l ers . The purg i ng o f  coo l a i r  through  a gas 
space represents a mechan i sm wh i ch contro l s  heat removal i n  the l ong 
term , but i s  m i nor compared to heat transfer to surfaces dur i ng the 
f i rst mi nute fo l l owi ng the burn .. F i ve coo l ers , operat i ng at approx i ­
mate l y  22 . 2  m3/sec {47 ,000 ACFM ) each , were on- l i ne duri ng and after 
the burn . 

The performance of the coo l ers was computed u s i ng a heat transfer 
coeff i c i ent surface area product {UA )  of 589 W/sec°C ( 67 ,000 Btu /hrOf ) ,  
a water i n l et temperature of 7°C (45°F ) and a water f l ow rate of 
380 L/sec (800 ga l /m i n )  for each coo l er .  Ca l cu l ated steady state out­
l et temperatures are l i sted in  Tab l e  4- 1 .  

TABLE  4- 1 .  Pred i cted Out l et 
Temperature of A i r  Coo l ers , 

S teady State . 

Gas i n l et 
tempera tu r·e 

OC O f  

704 1 30 
649 1 20 
593 1 10 
5 38 100 
427  80 
3 1 6 60 
204 40 

0 
0 
0 
0 
0 
0 
0 

Gas out l et 
temperature 

oc Of 

188 370 
1 7 3  344 
1 59 3 18 
144 292 
1 1 6  240 
88 190 
59 138 

Trans i ent ca l cu l at i ons  that  accounted for the therma l i nert i a  of 
coo l i ng water [ 2 2 70 kg  ( 5 , 000 l b  tota l i nventory ) ]  and copper co i l s  and 
f i ns [ 1 1 , 800 kg  ( 26 , 000 l b  tot a l  i nventory ) ]  showed t h at peak gas  out l et 
t emperatures  were approx i mate l y  1 490C ( 100°F ) ,  or some 39oc ( 700F )  
be l ow t h e  max i mum pred i cted for s teady s t ate . 
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The heat remova l  rate due to coo l ers may be est i mated as the 
product of mCp�T where 

m = mass f l ow rate , k g/sec ( l b/sec ) 

Cp = g as heat capaci ty at constant pressure , J/kg · K ( Btu/ l bOf )  

� T  = temperature di fference across t h e  coo l er ,  oc (Of ) . 

The a i r  f l ow rate to each of th2 conta i nment reg i ons , as des i gned and 
as estimated on the bas i s  of duct area l eavi ng the coo l er s , i s  shown i n  
Tab l e  4-2 . Approx imate l y  66% of coo l er output was d i rected to the D­
r i ngs , mak i ng heat removal by a i r  cool ers most i mportant for t h i s 
reg i on . 

TABLE 4-2 . F l ow Areas of Ducts Leav � -g A i r Coo l er .  

Ouct F l ow Fract i on of Des i gn Fract i on of 
Duct descri pt i on d i ameter,  area ,  tota l  f l ow f l ow total  f l ow 

i n .  ft2 area (%) rate (%)  

D-ri ng 
East 72 28 . 3 l 79 , 2 10 l 0 . 70 0 . 66 
West 84 38 . 5  6 5 , 8 10 

E l evat i on 282 
East 40 8 .  ' I 2 3 , 8i10 l 0 . 10 0 . 1 1  
West 8 0 . 4  1 , 140 

LOCA Duct  
East 42 9 . 6 1 2 5 , 000 I 0 . 20 0 . 23 
West 42 9 .6 2 5 , 000 

4 . 2  HEAT TRANSFER TO EXPOSED  SURFACES 

The dom i nant heat l oss  mechan i sm from postburn gases ( pr i or to 
spray operat i on )  i s  transfer to exposed surfaces . I n  genera l , the l oss  
rate can be  expressed as  fo l l ows : 

q = hA ( Tg - Ts ) ( 2 )  
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where 

where 

q = heat l os s  rate , watt s  { Btu/sec)  

h = heat transfer coeff i c i ent , w;m2 · K  ( Btu/ secOf ft2 ) 

A = exposed surface area , m2 ( ft2 ) 

T9 , Ts = temperature of gas and surface , respect i ve l y .  

T h e  coo l -down rate o f  gas i n  a compartment i s  re l ated t o  q by 

( 3 )  

�� = gas coo l -down rate , oc;sec (OF/sec)  

m = mas s  of gas i n  t he compartment , kg  ( l b )  

Cv heat capac i ty at constant vo l ume , J/kg · K  ( Btu/ l b°F ) .  

Surface areas for heat transfer and gas vo l umes were est i mated 
from eng i neer i ng draw i ngs  of the Un i t-2  p l ant .  The overa l ·l conta i nment 
was d i v i ded i nto three reg i ons . Areas and vo l umes for these  reg i ons 
are g i ven i n  Tab l e  4- 3 .  

The data pre sented i n  Tab l e  4-3  i l l ustrate the i mportance o f  rea l ­
i s t i ca l l y  account i ng for surface areas i n  contai nment . The tot a l  sur­
face i s  e s t i mated to be approx i mate ly  2 . 7  t i mes  greater th<tn t hat of 
the stee l contai nment l i ner .  Another i mportant po i nt i s  that the reg i on 
be l ow e l evat i on 347 has a surface/vo l ume rat i o  some four t i mes  l arger 
than that i n  upper contai nment . The equ i pment areas l i sted i n  Tab l e  4-3  
are  thou ght  to err  on the l ow s i de ;  future  deta i l ed s tud i es m i ght be  
u sefu l to  arr i ve at more pre c i se est i mates of equ i pme nt surface  areas 
i n  contai nment . 

Heat transfer from the gas to i t s surrou nd i ng s  wou l d  resu l t  from 
both rad i at i on and convect i on .  The approach u sed here was to der i ve 
overa l l heat transfer coe ff i c ·i ents  from hydrogen burn tests carr i ed out 
at Rockwe l l . ( ! ) The var i at i on o f  h w i th gas temperatu re , d educed from 
sma l l - sca l e  test dat a ,  i s  portrayed i n  F i gure 4- 1 .  The heat transfer 
coe ff i c i ents  d i sp l ayed i n  F i gure 4- 1 i ncrease rap i d l y  w i th temperatures 
above 53aoc ( 1000°F ) .  Th i s  i s  thought  to be the re su l t  of rad i at i on .  

Condensat i on per s e  has  'l i tt l e  effe ct  o n  sens i b l e  heat ( tempera­
ture ) l o s s  from the gas , howeve r ,  the qu ant i ty of heat removed by con­
densat i on i s  probab l y  s i gn i f i cant . Condensat i on heat trans fer effect s 
cou l d  not be read i l y  segregated from the  Rockwe l l ( ! ) test  d ata  and were , 
therefore , i nc l uded i mp l i c i t l y  i n  the  coo l down ana l yses . 
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TAB LE 4- 3 .  Heat Transfer Surface Areas and Gas Vo l umes  i n  
Three Contai nment Reg ions . 

Heat transfer area 

Un i nsu l ated equ i pment , Kft2 

Pai nted steel l i ner , Kft2 

Concrete , Kft2 

Tota l  uni nsu l ated area, Kft2 

Gas vo l ume , Kft3 

Surface/vo l ume , ft -1  

NOTE : EL  E l evat i on .  

I ns i de 
0-r i ngs  

17  

3 

3 5  

5 5  

2 1 1  

0 . 26 

Be l ow Above I 
E L  347 ft EL  347 ft 

39 34 
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4 . 3  PRE D I CTED DECAY OF POSTgURN GAS TEMPE RATURES 

The t i me-temperature h i story for the t hree cont a i nment reg i ons 
descri bed i n  Tab l e  4-3 was pred i cted u s i ng Equat i ons 2 and 3 a l ong w i th  
the  areas of Tab l e  4-3  and  heat  trans fer coeff i c i ents for  the  conta i n­
ment atmosphere spec i f i c  vo l ume and the curves shown i n  F i gure 4- 1 .  

I n i t i a l temperatures i n  each vo l ume were estab l i shed from theoret i ­
c a l  ca l cu l at i ons  of an ad i abat i c  burn . From the t i me of t h e  t heore t i c a l  
burn u nt i l  sprays operated , heat transfer i n  a l l three reg i ons  was com­
puted i ndependent l y .  After sprays s t arted , convect i o n  heat transfer i n  
the  l ower unsprayed area was accou nted for as before , but t h e  coo l i ng 
rate i n  the  upper conta i nment ( the sprayed vo l ume ) was computed so t hat  
the  pred i cted overa l l coo l i ng rate agreed w i th the  measured overa l l 
coo l i ng rate . 

Two cases i nvo l v i ng d i fferent hyd rogen burn assumpt i ons were ana­
l yzed . I n  each case  i t  was assumed that the  conta i nment  hydrogen con­
centrat i on was 7 . 9% on a wet bas i s  { 3 . 5% water vapo r )  and was we l l  m i xed . 
I n  the  f i rst , i t  was as sumed that hydrogen i n  the reg i on above e l eva­
t i on 347 burned down to 1% hydroge n ;  to 2% hydrogen i n  the  0-r i ngs ; and 
to 2 . 2% hydroge n  b e l ow e l evat i on 347 . Th i s  ba l ances the  tot a l  con­
ta i nment  burn i ng to an average of 1 . 1% .  Resu l ts of t h i s  compu tat i o n  
are i l l u s trated i n  F i gure 4-2 . 

As  i nd i cated by the  curves of F i gure 4-2 , the temperatures  i n  l ower 
reg i ons  f a l l much  faster than i n  upper conta i nment due to h i gher  surface/ 
vo l ume rat i os there . The pred i cted average temperature agrees very 
we l l  w i t h  the measured v a l ue  u p  to spray i n i t i at i on .  Th 1 s  supports  the  
va l i d i ty of  the  heat t ransfer ana l ys i s .  

A second burn case as sumed comp l ete  burn i ng i n  t t;e '..ipper reg i on .  
T o  b a l ance the tota l conta i nment burni ng t o  1 . 1% ,  burn i ng i n  the  reg i on 
be l ow e l evat i on 347 , i nc l ud i ng the  reg i on i n  the  0-r i ng s ,  wou l d  have 
been down to  about 3 . 5% hydroge n .  Resu l t s are s hown i n  F i gu re 4-3 . As  
i nd i cated by the  curves  on  th i s  f i gure , these  as sump t i ons ra i se the  
u pper con t a i nmen t  temperatures and l ower those  be l ow e l evat i o n 347 . 

These  t i me-temperature f i gures i l l u s trate the  degree t o  wh i ch l ower 
conta i nme n t  reg i ons  are comparat i ve l y coo l er i n  the  postburn atmosphere . 
The  mos t  o bv i ou s  effect  wou l d  be to  m i n i m i ze burn damage i n  these reg i ons . 

4 . 4  CONS I D ERAT ION  OF LACK OF COMBUST I O N  B E LOW E LE VAT I ON 305  

A hypothet i ca l  case  was ana l yzed to determ i ne whether the  measu re� 
gas temperatures  i n  the con ta i nment reg i ons be l ow e l evat i on 305 were 
cons i s tent  w i t h  t he  postu l a te that no burn occurred the re . The i s sue  
i s  germane becau s e  the  tempey·ature recorder d i d  not  record po i nt s  d ur i ng 
t he  ear l y  postburn per i od . At about 1 3 : 54 ,  the f i rs t  pos t burn  t i me 
when the  recorder pr i nted a gas  temperature , the temperature  h ad a l ready 
decayed to w i th i n  2aoc ( SOOF } of preburn cond i t i ons . Thus  one cou l d  
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postu l ate that th� modest temperature ri se  measured for the reg i on 
be l ow e l evat i on 305 resu l ted from heat i ng by a i r  from contai nment 
coo l ers ; the contai nment coo l ers wou l d  d i scharge a i r  that was hotter 
than the i n i t i a l  room temperature for several mi nutes . 

Atmospheri c temperatures � n  the reg i on bel ow e l evat i on 305 were 
pred i cted u s i ng the fo l l owi ng key assumpt i ons : 

• Heat l oss to wal l s  and heat ga i n  from wal l s  was neg l i g i b l e  

• Heat gai n  by compress ion heat i ng equal s heat l oss  by expans i on 
coo l i ng 

• Gas enteri ng the coo l er i n l et was at the  average contai nment 
temperature 

• The room was vent i l ated at the rate of s i x  changes per hour 

• Room a i r  was perfect l y  m i xed . 

Pred i cted temperatures are compared w i th measured temperatures i n  
F i gure 3-5 .  These curves show that the  temperature at e l evat i on 288 i s  
pred i cted to i ncrease by on l y  8°C ( 1 50F)  at 1 3 : 54 ,  whereas the measured 
temperature was 18°C ( 320F) h i gher t han the i n i t i a l  va l u e .  A study of 
potent i a l  errors i n  the pred i cted temperature i ncrease due to the purg­
i ng process i nd i cated that the va l ues  shown i n  F i gure 3-5  r�u l d  not be 
l ow by 1ooc ( 1 70F)  and , t herefore , that the room cou l d  not have been 
heated so l e l y  by th i s  purg i ng process . I t  i s  i nferred that a hydrogen 
combu s t i on occurred i n  t h i s  reg i on . 
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5 . 0 BURN DAMAGE 

Numerous observat i ons  and photographs (6 ) taken i ns i de  the contai n­
ment provi de detai l ed i nformat i on on damage that can be attr i buted to 
the hydrogen  burn . Avai l ab l e  i nformat i on has been stud i ed to see 
whether the  observed damage i s  cons i stent wi th the overa l l p i cture of 
the burn deve l oped here i n .  

5 . 1 TRANS I ENT HEAT I NG OF MATER IALS I N  A HYDROGEN BURN 

As was i l l u strated i n  Sect i on 4 . 0 ,  the hydrogen burn i mposed a 
bri ef temperature and pressure spi ke on  the contai nment atmosphere . 
The temperature prof i l e  i n  a dry exposed materi a l  body depends on the 
fo l l owi ng factors : 

• Heat f l ux at exposed surface ( a funct i on of ti me ) 

• Therma l d i �fu s i v i ty of t he mater i a l  

• Materi a l  t h i ck ness  

• T i me . 

The heat f l ux i mposed on surfaces i n  TM I -2 resu l ted from rad i at i ve 
and convec t i ve heat transfer . For postburn gases composed of 1 0% water 
v apor , the  product  of  water vapor pre s sure and path l engt h  i s  on the 
order of 10  atm- ft for t he u pper conta i nment , y i e l d i ng an emi s s i v i ty of 
approx i mate l y  0 . 47 at  7600C ( 14000F ) and 0 . 56 at 20ooc ( 4000F ) . ( 7 )  For 
compartmen t s  hav i ng equ i va l ent  d i ameter �f 20 f t , the  produ c t  of path  
l ength and  vapor pres sure wou l d  be approx i mate l y  2 ,  y i e l d i ng emi s s i v i ­
t i es of approx i mate l y  0 . 3  a t  7600C ( 14000F ) .  A compar i son of ca l cu l ated 
rad i ant heat transfer rates to the measured tota l heat transfer rate s 
( der i ved from F i gure 4- 1 )  i nd i cates that  i n  the  u ppei· conta i nment , rad i ­
ant heat transfer accounts  for 72% of t he  tot a l  at  76ooc and 40% of the  
tota l  at  20ooc .  I n  a 6 m ( 20 f t )  compartment , rad i ant heat transfer 
wou l d  accou nt for 43% and  24% of the  tota l heat  transfer at 7600C and 
2oooc ,  res pect i ve l y .  

Therma l d i ffu s i v i t i es of mater i a l s vary marked l y .  Met a l s ,  l i ke 
carbon s tee l , have h i gh therma l d i ffu s i v i t i es and wou l d  cause  heat  
energy to be absorbed through a s i gn i f i cant th i c k ne s s . Mater i a l s of 
l ow t herma l d i ffu s i v i ty are p l ast i cs and wood . These wou l d  be expected 
to deve l op l arge temperature grad i ent s when exposed to hot gas . Concrete 
has  a therma l d i ffu � i v i ty i ntermed i ate between t hose  of stee l and wood . 
Therma l d i ffu s i v i ty i s  d e f i ned by K = k / p CR where k i s  the therma l 
conduct i v i ty ,  p i s  dens i ty and Cp i s  spec i f i c  heat . I n  summary , wood 
and p l a� t i c s  wou l d  be expected to exper i ence re l at i ve l y h i gher surf ace  
temperatures d�e  to the  hyd rogen burn than wou l d  be e xper i e nced by 
structura l stee l . 
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Materi al t h i ckness i s  obv i ou s l y  i mportant ; not only w i l l  heat pene­
trate more u n i formly  through a th i n  body , but a l so the body w i l l  become 
hotter due to i ts l ower thermal i nert i a . 

5 . 2  AFFECT OF SURFACE �O ISTURE 

L i qu i d  water was undoubt l y  present on some surfaces just prior to 
the burn and wou l d  have an important effect on the f i na l  t emperature 
reached because of heat absorbed by evaporati on .  Based on the t i me­
temperature h i story for upper conta i nment , i t  was est i mated t hat a water 
f i l m approx i mate l y  0 . 5  mm ( 0 . 02 i n . )  t h i ck wou l d  absorb the ent i re hea t 
l oad by evaporat i on .  Therefore , objects that were wet by water ( con­
densed steam from the PRV d i scharge ) wou l d  not be heated near ly  as much  
as s i m i l ar objects that  were dry at  the t i me of  t he burn . 

5 . 3  REPRESENTAT IVE  HEAT I NG CALCULATI ONS 

The trans i ent heat conduct i on equ at i on was so l ved by mi n i computer 
for a fe� representat i ve cases . One-d imens i onal s l abs , heated from one 
s i de and i nsu l ated on the other , were d i v i ded i nto n i ne equa l ly spaced 
nodes and subjected to heat f l uxes based on the temperature- t i me pro­
f i l es and heat transfer coeff i c i ents d i sc� ssed i n  Sect i on 4 . 0 .  Th i s  i s  
i dent i ca l  to heat i ng a s l ab of twi ce the th i ckness from bot h  s i des . 
F i ve cases that were ana l yzed are descri bed i n  Tab l e  5- 1 .  Gas tempera­
tures were taken from F i gure 4-2 w i th peak temperatures extended to 
7880C ( 14000F )  i n  each case , above and be l ow e l evat i on 34 7 .  

Case 

TAB LE 5- l .  Heat Transfer Cases Analyzed . 

Th i ckness Pos i t i on i n  
number Mater i a  1 cont a i nment mm i n .  

1 Pa i nted carbon stee l 6 . 4  0 . 25 +347 

2 Wood >9 . 5  > 0 . 375  +347 
- -

3 Wood 3 . 2  0 . 125 +34 7 

4 Wood 3 . 2 0 . 125 -347 

5 Wood > 9 . 5  > 0 . 375 -347 
- --

Surface temperatures pred i cted for the  f i ve cases  descri bed i n  
Tab l e  5- l are s hown graph i ca l l y  i n  F i gu re 5-l . 
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As i nd i cated by the  curves o f  F i gure 5- l ,  the surface temperatures 
ach i eved dur i ng the 60 sec per i od depend strong l y  on mater i a l  propert i es , _  
t h i ckne s s ,  and l ocat i on i n  conta i nment . Th i n  mater i a l s [3 . 2  mm ( l/8 i n .  
heated from both s i de s  or equ i va l ent l y  1 . 6  mm ( 1/ 1 6  i n . )  heated from 
one s i de] can deve l op mu ch  h i g her surf ace temperatures than th i cker 
s l ab s  o f  the  same mater i a l . , I nterest i ng l y ,  wood s heets t h i cker than 
9 . 5  mm ( 3/8 i n . ) had the same su rface temperatu res .  The reason i s  that 
the  heat was unab l e  to  penetrate more than 4 . 8  mm ( 3/ 16 i n . )  i n  the  
60  sec  per i od .  Therefore , th i cker  wood sect i ons wou l d  exh i b i t  the  same 
surface temperatu res shown for 9 . 5  mm ( 3/8 i n . ) board s .  

The carbon stee l s l ab i ncreased i n  temperatu re muc h  l es s  than wood . 
Mo st o f  the temperature i ncrease s hown i n  F i gure 5-l  for carbon stee l 
actua l l y  was across  the  0 . 25 mm ( 0 . 0 10 i n . ) l ayer o f  pa i nt . 

The  l ower surf ace  temperatures  ach i eved by wood s heets i n  l ow 
reg i ons  of  the  cont a i nment ( - 347 ft e l evat i on )  s i mp l y  ref l ects the  
faster f a l l of f  of  g a s  temperatures i n  th i s  reg i on .  A s  noted i n  
Sect i on 4 . 0 ,  the  h i gher surface/vo l ume rat i o  i n  l ower cont a i nment 
reg i ons  cau ses the postburn temperature to decay faster i n  those 
reg i ons . Therefore , l e s s  burn damage wou l d  be expected i n  l ower parts 
of the  conta i nment than i n  upper reg i ons . 

Temperature prof ; · c s t hrough  three s l ab s  at 8 sec after burn i n i t i ­
at i o� are � l l u s t rated i n  F i gure 5-2 . As  i nd i cated by t he curves o f  
F i gure 5-2 , t h i n  sect i ons are heated to h i g her temperature s t han t h i ck 
one s . Large temperature grad i ents  can deve l op i n  wood , but i n  stee l 
the heat f l ux i s  too l ow to cause l arge grad i ent s .  A temperature d rop 
of  approx i mate l y  500F i s  exper i enced acro s s  the pa i nt [0 . 2 5  mm ( 0 . 0 1 0  i n . 
th i ck ) ]  at  8 sec , i l l u s trat i ng i ts l ow therma l condu ct i v i ty compared to 
stee l [0 . 26 W/m · K  ( 0 . 1 5 Btu/hrOF ft ) versu s 45  W/m · K  ( 26 Btu/hrOF f t ) ] .  

These  ca l cu l at i ons  are presented to i l l u st�ate i mportant aspects 
of  tran s i ent heat i ng of  mater i a l s  exposed to hot gases . The pred i ct i on s  
wou l d  h a v e  been more accu rate i f  the  fo l l ow i ng heat i ng/coo l i ng effects  
had been accoun ted for : 

• H eat t ransfer effects  due to condensat i on of  water 

I Heat t ransfer effects  due  to evaporat i on of water 

I Energy absorpt i on due to pyro l ys i s  of heated mater i a l s  

I E nergy absorpt i on due to phase  changes of  heated mater i a l s  

I Energy add i t i on due to combus t i o n .  

5 . 4  D I SCUSS ION  O F  OBSERVED BURN  DAMAG E 

A f i rst  genera l i z at i on t hat  s hou l d  be s tated i s  that  overa l l ,  � i tt l e  
apparent d amage to the  conta i nment  wa s caused by the hydrogen burn . 
Mas s i ve s tru ctures  appear l arge l y  unaffec ted ; not i ceab l e  damage i s  con­
f i ned to th i n  organ i c- based mater i a l s ,  such as p l as t i c s , paper , and 
wood . 
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The effect of e l evat i on i n  the  conta i nment i s  i l l u strated i n  F i g­
u rP5 5 3 and 5-4 . The te l ephones s hown i n  these two p hotographs are 
from e l evat i ons 347 and 305 , respect i ve l y .  The s i gn i f i cant l y  greater 
damage at 347 i s  cons i stent wi th the h i gher gas temperature h i s tory 
( t i me and temperature ) at the h i gher e l evat i o n .  Note that t h e  cord on 
the te l ephone at e l evat i on 305 { F i gure 5-4) has suffered damage , i nd i ­
cat i ng that an apprec i ab l e  temperature sp i ke occurred a t  that l eve l . 
A l so note that the sect i on of the co i l ed cord on the tab l e  ad jacent to 
the  phone i n  F i gure 5-3  appears to be undamaged , except for s l i ght  
scorch i ng at the top of each co 1 l .  Th i s  demonstrates that  temperatures 
are l ower where convect i on cu rrent s are mi n im i zed and the heat-transfer­
s u rface-area to gas-vol ume rat i o  i s  h i gh .  

D i scu ss i ons  w i th TM I personne l have i nd i cated that burn d amage 
appears to vary wi th the angu -l ar pos i t i on i n  the conta i nment at e l eva­
t i ons 305 and 347 , wi t h  l east  damage be i n9 seen on the westward s i de . 
Th i s  observat i on i s  exp l a i nab l e  i n  terms of wetnes s  i n  th i s  reg i on .  
Steam re l eased from the PRV apparent l y  entered upper conta i nment vo l umes 
through  the open sta i rway { No . 1 )  l ocated on that s i de . The steam l eft 
the RCDT i n  a saturated state  and wou l d  have wet coo l surfaces by con­
densat i o n .  I ndeed , temperature sensor 1 3 ,  wh i ch i s  l ocated i n  the 
v i c i n i ty of the s t a i rway , end sensor 6 ,  wh i ch i s  l ocated at the west  
end of the a i r  coo l er ,  exh i b i ted s i gn i f i cant subcoo l i ng after each  PRV 
c l osure . Th i s su bcoo l i ng i s  i nd i cat i ve of a condensed water f i l m depos­
i ted du r i ng steam d i scharge per i od s . Because l i qu i d  water wou l d  sup­
press  temperature r i ses  of mater i a l s , burn damage wou l d  be a strong 
funct i on of l oca l we tne s s . Genera l l y ,  the reg i on near the No . 1 sta i r­
way (we s t  s i de ) wou l d  be  expected to be mos t  protected by water , and 
th i s  i s  cons i stent  wi th the  observat i ons . 

F i gures 5 - 5  and 5-6  i l l u s trate l oca l damage effects  th at are con­
s i s tent w i th expectat i ons . In F i gure 5-5 , wooden scaffo l d i ng boards 
( a t  e l evat i on 347 )  are shown f rom be l ow ,  and i nd i cate a m i nor degree of 
charr i ng .  Tape that he l d  the p l as t i c  protected the wood , l eav i ng the 
unburned mark s .  I n  F i gure 5 - 6 ,  a ma nu a l  i s  charred ma i n ly on upper 
parts wh i ch were exposed to hot gas . The l ower part , wh i ch was i n  con­
tact w i th a stee l box , apparent l y  suffered l ess  damage . Both of these 
examp l es are con s i stent w i th  heat i ng over a br i ef t i me per i od .  

Mechan i ca l  d amage cau sed by the  pre ssure pu l se was mi n i ma l . How­
ever , as shown i n  F i gure 5- 7 ,  55-g a l  drums were part i a l ly  co l l apsed by 
the externa l pres sure . Two of the drums suf fered l i tt l e  d i s tort i on , 
and i t  can be conc l uded that they were e i ther fu l l  or not sea l ed .  A l so 
shown i n  F i gure 5 - 7  i s  an a i r  duct  wh i ch was not damaged by the pres sure 
pu l se .  Numerou s other p i ctures of a i r  ducts  are shown i n  Reference 6 
and i n  no case i s  observab l e  mechan i ca l  damage apparent . The drums 
were not damaged predom i nant ly  on one s i de or t i pped over by the pres­
sure pu l se .  Th i s  d rum damage and l ack  of  duct  damage i s  cons i stent 
w i th  a pres sure pu l s e  t h a t  deve l oped over second s ( i . e . , from a def l a­
grat i on )  but i s  not cons i s t e n t  w i t h  t h e  p a s s age of  a detonat i on wave . 
Th i s  supports  the  v i ew that  a detonat i on d i d  not take p l ace i n  TMI - 2 . 
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FIGURE 5-3 . Cl ose-up of Bel l Tel ephone. 

F I GURE 5 - 4 . Ga i - tron i c  TR l ep hone and E l eva tor Door . 

4 1 



F I GURE 5 - 5 .  S c a ffo l d i ng .  

. .. ,. ..... .: . 

: : ..... >.:, .. . 

F I GU R E  5-6 . C ha rred Man u a l  Ly i n g on Top of El ectr i ca l Box . 
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F I GURE 5- 7 .  F i fty- F i ve Ga l l on (0 . 2 1 m3 ) Drums Between Enc l osed 
Sta i rwe l l  and A i r Duct . 

I n  summary , the  burn damage observed i n  post-ac c i dent entr i es 
appears to be fu l l y cuns i stent w i th expectat i ons based on the burn 
scenar i o  descr i bed here i n .  Key aspects fo l l ow .  

• H i gher temperatures wou l d  be  expected i n  upper contai nment 
reg i ons because burn eff i c i ency was h i ghest  ( rad i ant preheat i ng 
i n  open vo l ume , s l i ght ly  h i gher hydrogen concentrat i on s ,  more 
turbu l ent m i x i ng )  and coo l down w�s s l owest  ( l ower heat transfer 
area to gas vo l ume rat i o ) . 

• Th i n  p l a st i c s ,  paper , wood , and p l ast i c  or ru bber e l ectr i c a l  
i nsu l at i on wou l d  b e  most  su scept i b l e  becau se o f  the heat trans­
fer character i st i c s of these  mater i a l s and the i r  a b i l i ty to  
char or  i gn i te .  Th i ck sect i ons of  these mater i a l s wou l d  be  
muc h  l es s  affected . 

• Surfaces wet by steam condensate (west  s i de )  wou l d  not be  
muc h  affected becau se of energy absorbed by vapor i zat i on .  

• Loca l  geometr i es that wou l d  i nh i b i t  convect i on currents or 
coo l the gas l oca l l y  wou l d  m i n i m i ze peak temperatures reached 
i n  the materi a l s .  
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• Combust i b l e  materi al s ,  such as pai nt , i n  c l ose contact with , 
and part i cu l arly when bonded to , good heat conductors shou l d  
not have been s i gn i f i cant ly affected by the burn trans i ent . 

• The thermal trans i ent resu l ted from a general burn of hydrogen , 
not a detonati on .  
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6 . 0  POSTBURN HYDROGEN 

The cal cu l at i ons d i scussed prev i ous l y  i nd i cate that there was 1 . 1% 
hydrogen rema i n i ng i n  contai nment after the hydrogen burn . Most of 
th i s  was probably  i n  compdrtments bel ow the 305 e l evati on f l oor , but 
wou l d  d i sperse rap i d l y .  The pressur� spi ke ,  i nd i cated by the OTSG B 
pressure data at 1 3 : 50 : 41 , appears to have been due to a re l at i ve ly  
l arge afterburn be l ow the  305 e l evat i on f l oor near the  east s i de of the 
contai nment . The pressure i mpu l se affected the OTSG A pressure , 
measured about 30 m ( 100 ft)  west of OTSG B ,  as a del ayed wave . Th i s  
del ay shou l d  be expected s i nce the D-ri ngs and a number of compartments 
separate the two reference pressure sensi ng po i nts . 

At 14 :01  the PRV was agai n  opened for a l i tt l e  more than 1 hr .  
Th i s  openi ng depressuri zed the RCS to  i ts l owest pressure , about 
345 kPa ( 50 ps i )  l ower than i t  had prev i ou s l y  been that day .  Th i s  
cau sed an add i t i onal estimated 0 . 6% hydrogen to enter contai nment from 
the RCS . Bet�een March 3 1  and Apri l 2 ,  another 0 . 5% hydrogen was 
transferred to contai nment . The therma l hydrogen recomb i nc r deve l oped 
by Rockwe l l I nternati ona l started remov i ng hydrogen from contai nment on 
Apri l 2 at 1 5 : 30 .  A p l ot of i ts operat i on and add i t i onal  hydrogen 
transfers to conta i nment are i nd i cated i n  F i gure 6- 1 .  Recombi ner 
operati on was term i nated on May 1 after it had removed 56 kg ( 123  l b ) 
mol es of hydrogen gas [and 28 kg (61  l b ) mo l es of oxygen gas] from 
contai nment , and the hydrogen concentrat i on was down to 0 . 7% .  Th i s  
res i dua l  hydrogen was removed from contai nment the fo l l ow i ng summer 
when i t  was vented to the atmosphere . 

The quant i t ies  of hydrogen added to and removed from contai nment 
are summar i zed i n  Tab l e  6- 1 .  A cal cu l ated total  of 229 kg { 505 l b ) 
mo l es or 459 kg of hydrogen gas entered and was removed from 
contai nment . Assumi ng , somewhat arbi trari l y  at th i s  t i me ,  that 90% of 
the hydrogen was generated by the z i rconi um-steam react i on and 10% by 
rad ·i o lys i s ,  about 410 kg or 205 kg (450 l b ) mo l es of hydrogen gas were 
generated as a resu l t  of the z i rconi um-steam react i o n .  

S i nce 1 mo l e  o f  z i rconi um react i ng wi th 2 mo l es o f  water l i berates 
2 mo les  of hydrogen ,  205 kg mo l es of hydrogen represents the oxi dat ion 
of 102 kg mo l es or 9 , 300 kg ( 20 , 500 l b ) of z i rcon i um .  The TM I -2 
reactor core contai ns a ca l cu l ated 18 , 770 kg ( 41 , 300 l b } of z i rcon i um 
c l add i ng i n  contact wi th acti ve fue l  and about 2 3 , 600 kg of z i rcon i um 
tota l . Therefore , the L i �con i um ox i d i zed i s  equa l  to about 50% of the 
act i ve fue l c l add i ng � e i ght or about 40% of the total  z i rcon i um i n  the 
reactor core . 
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TAB LE 6- 1 .  Contai nment Hydrogen Bal ance . 

Hydrc gen added 
T ime 

Dry (%) 

03/28/79 
13 : 50 8 . 2  
1 3 : 52 
1 5 : 00 0 . 6  

04/01/79 0 . 5  

05/01/79 1 . 1  

07/80 

Total 

afrom RCS . 
b

Hydrogen burn . 

kg  

370 

24a 

2 1a 

44a . c 

-

459 

Hydrogen removed 

Dry (%) k g  

7 . 1  3 19b 

2 . 6  1 12d 

0 . 7  28e 

459 

cfrom waste gas decay tanks and rad i o lys i s .  
dRockwe l l I nternat i onal Hydrogen Recomb i ner . 
e

Vented to atmosphere . 

Hydrogen i nventory 

Dry (%) kg 

8 . 2  370 
1 . 1  5 1  
1 . 7  7 5  

2 . 2  96 

0 . 7  28 
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APPEND I X  

CHARACTERIST I CS O F  A LARGE 11 CONSTANT VOLUME 11 
HYDROGEN BURN 

I n  contai nment , a burn i s  cons i dered to occur on a 11 Constant vo l ume 11 
bas i s .  However , i f  the burn occurs over a re l at i ve l y  l ong t i me { that 
i s ,  many second s ) , the burn i ng of any s i ng l e  u n i t vo l ume ( i . e . , 1 L or 
1 f t3 ) occurs very rap i d l y  and burns more on a constant pressure bas i s .  
Constant pressu re burn i ng i s  coo l er than constant vo l ume burn i ng becau se  
of the  '' expans i on-coo l i ng . .  wh i c h takes p l ace dur i ng t he constant pre s ­
sure burn .  I n  a c l osed system the energy d i fference between constant 
vo l ume and constant pressure burn i ng of a sma l l vo l ume of the gas goes 
i nto a s l i ght compres s i on heat i ng of a l l of the rema i n i ng { burned and 
u nburned ) vo l ume . As sumi ng no heat l oss  dur i ng the Three M i l e  I s l and 
( TM I - 2 )  hydrogen burn , the  i n i t i a l u n i t vo l ume , the m i dd l e  u n i t vo l ume , 
and the l as t  u n i t  vo l ume to burn wou l d  have had the character i s t i cs 
s hown i n  Tab l e  A- 1 .  

The theoret i ca l , constant vo l ume , ad i abat i c  end-of-burn t emperature 
i s  76ooc ( 14000f ) . Th i s  temperature and the  t heoret i ca l  end -of -bu rn 
temperatures s hown i n  Tab l e  A- 1 are h i gher  than the act u a l  temperatures 
were s i nce heat was l o st  to wa l l s  and equ i pment dur i ng the bu rn . Th i s  
was  part i cu l ar l y  tru e of the f i rst  u n i t vo l ume to burn , s i nce i t  h ad 
t i me ( � 1 2  second s )  to  l ose heat f rom i t s i n i t i a l 5660C { 10500 F )  temper­
ature s , as the burn progres sed and as compres s i on heat i ng occu rred . 
The  l as t  un i t  vo l ume to burn coo l ed at a much s l ower rate dur i ng the 
burn i ng per i od s i nce i ts temperature just before the end of the  bu rn 
had heated ( by compre s s i on )  to on l y  1 680( ( 3 350F ) . Therefore the 
theoret i ca l , ad i abat i c ,  temperature [8600C ( 1 2 570 f ) ]  of the l as t  u n i t  
vo l ume to burn i s  probab l y  on l y  s l i ght l y  h i gher than the actu a l  temper­
ature . I f  preheat i ng by rad i ant heat transfer i s  s i gn i f i cant , the after­
burn temperature of the l ast  un i t  vo l ume to burn cou l d  actu a l l y  be h i gher  
than the 86QOC ca l cu l ated . The average cont a i nme nt gas  temperatu re at 
the  end of the burn ca l cu l ated on the ba s i s  of me asured pre s sure  r i se 
i s  66ooc ( 1 2QOOF ) .  
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TABLE  A- 1 .  Character i st i cs of the F i rst , M i dd l e ,  and Last Un i t  
Vo l umes to Burn , Assumi ng No Heat Lost Duri ng Burn . 

Characteri st i c  

Pressure , KPa (ps i a ) 
Vo l ume occupi ed after compres-

s i an of ori g i na l  vo l ume 

I n i t i a l temperature , oc ( O F )  

Temperature just  pri or to burn 
re su l t i ng from c(m�res s i on 
heat i ng ,  oc (OF ) 1 

Temperature r i se res� l t i ng 
from burn , oc ( Of ) 2 )  

Temperature i mmed i ate l y  after 
burn i ng the spec i f i c  un i t  
vo l ume , oc ( OF )  

Temperature at end of burn , 
after postburn compress i on 
heat i ng ,  assum i ng no heat 
l oss  du r i ng burn , oc ( O f ) ( 3 )  

( 1 )  T2 = ( P2 ) KK1 

T l P 1 

F i rst  
un i t vo l ume 

100 ( 1 5 )  

1 

�i 3 ( 128)  

!)3 ( 128 ) 

5 1 2  ( 92 2 )  

566 ( 1050 ) 

862 ( 1 583 )  

M i dd l e  Last 
un i t vol ume un i t vol ume 

200 ( 30 )  300 ( 4 5 )  

0 . 5  0 . 3 3 3  

5 3  ( 1 28 ) 53  ( 1 28 ) 

122  ( 2 5 2 )  1 68 ( 3 3 5 )  

5 1 2  ( 92 2 )  5 1 2  ( 922 ) 

634 ( 1 1 7 4 )  680 ( 1 2 5 7 ) 

742 ( 1 367 ) 680 ( 1 2 5 7 ) 

T2 P2  P2 P2 
Tl 

= 1 . 1 18 for· PI =  1 . 5 ; 1 . 2 1  for p 1  
= 2 ;  1 . 3 5 3  for = P 1  = 

3 

c 
K = _g - 1 . 38 for the wet , preburn contai nment gas c

v 
-

( 2 )  ( 14000F - 1 280F ) / l . 38 = 9220F = 5 1 20C 

( 3 )  T2 [( 1050 + 460 )]  1 . 3 5 3  460 = 1 5830f = 8620( 

T2 [( 1 1 74 + 460 )]  1 . 1 18 - 460 = 1 3670F 7420C 
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