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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,ilS made. Long-term temperature information 
was obtained from the multiploint temperature recorder which shows 12 
containment atmosphere tempelratures plotted every 6 min. The contain­
ment atmosphere pressure reclorder provided excellent 10ng- and short­
term pressure information. :Short-term information was obtained from 
the multiplex record of 24 channels of data, recorded every 3 sec, and 
the alarm printer record which shows status 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, analyzed, and plotted to show average containment temper­
ature and presc;ure versus t ilme. Photographs and videotapes of the con­
tainment entries provided qualitative burn information. 

Hydrogen concentrations were calculated using the following 
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 rise during 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 Rockwell in 1973.(1) Average temperatures were 
calculated for the region above elevation 347, below elevation 347, and 
within the O-ring compartments. 

The analyses indicate the following: 

1. Prior 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 three 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 3,510 standard (~)C) cubic meters (126,000 standard 
cubic feet), 160 kg (35Jl lb) moles or 319 kg of hydrogen burned. 
Approxi..ately 1.11 hydrogen remained after the burn and 0.6% 
was released frOli the r.~actor cooling system to containment 
during the first hour afFter the burn. 

4. ContainMent gas temperatures in the flame front were about 
76QOC (l4OQOF). The average containment gas temperature at 
the end of the burn was about 6600 C (12200f). 

5. The gas teMPeratures de.:reased much faster below elevation 347 
(large ratio of exposed surface area to containment gas volume) 
than above elevation 34;7 (low ratio of exposed surface area 
to containment gas volu,ne). Curve~ are presented which show 
the calculated average ~Ias temperatures versus time in these 
two contaiment zones at,d 1n the O-rings. 

6. The average temperature rise of all materials and components 
in the reactor building" including the containment shell, was 
calculated to be only ab~ut i.2oC (2.20f) as a result of the 
hydrogen burn. Considerably more energy came from the hot 
water and steam vented from the cooling system to the contain­
ment than from the hydrogen burn. This resulted in the mas­
sive ~hield temperatures increasing an average of about 40C 
(80 f) in 2 days. In the long-term, most of the heat was re­
moved by the air 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 elevations, but also from a more complete burning at the higher 
elevations. Therefore, significant damage to hydrocarbon materials 
would be expected at high elevathms and not at low elevations. 

The reason for 1 acle of burn laamage on the wests; de is probab 1 y 
due to the steam vent from the cOlolant drain tank terminating on that 
side. Temperature data show the IPiest side temperatures heating rapidly 
while steam was venting, then actllJally suocooling (from evaporation of 
wet surfaces) after steam venting was terminated. Similar h~ating and 
cooling did not occur on the east side. Therefore, walls, floors, and 
equipment on the west side were vlerywet and evaporation kept their 
temperatures near or below the boi 1 ifig point of 'water throughout much 
of the postburn cooling period. 

On the north side the D-ring5 are relatively close to the contain­
ment wall~ resulting in a large natio of exoosed surface area to contain­
ment gas volume. This condition Icauses rapid !:ooling which minimizes 
burn damage. 

Approximately 1.1% hydrogen ~remained in the containment after the 
burn. Venting of the reactor cooling system dUI";ng the hour following 
the burn added an additional O.6~. Hydrogen concentratiolls increased 
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from this 1.71 to about 2.:ZI 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 I1l1onth and removed 112 kg of hydrogen. When 
recombiner operation was tlerml nated, the conta i nment hydrogen concentra­
tion was 0.71. This hydrolgen was vented to the atmosphere in July 1980. 

A total of 459 kg of hydrogen gas were accounted for. Assuming 
somewhat arbitTilri ly that 1901 of the hydrogen was generated by the 
zirconium-steam reaction and 101 by radio lysis, 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 Island-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 ga in an overall 'understanding of the nature of the burn, 
including the reasons for the nonuniform burn damage which 
was later observed. 

The major reasons for thle first objective 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 ofTMI-2 ciondtttons 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 fMI 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 description 
of each follow. To avoid conlfusion, the data are presented in the units 
indirated by the instrumentat'lon, rather than converting the data to 
51 units. 

1.1 P.iA(T[METER 

The l"eactimeter which was installed at fMI-2 ;s owned by Babcock & 
Wilcox, lnd was used during plant startup and operation. It monitors 
24 data points 5 times each s~!cond and was programmed to record the 
data at 3-sec intervdls. fhh record provided the major source of short­
term containment pressure ~nformation. The steam generator steam pres­
sure monitors utilize differential pressure devices which use the con­
tainment pressure as the zero reference pressure. Therefore, as the 
containment pressure increased it had the effect of indicating a corre­
sponding drop in steam pressm"e. Ass(1ming little or no change in steam 
conditions during the burn and initia~ cooling period, containment 
pressure points were recorded each 3 sec for each steam generator. 
Reactimeter time was corrected to correlate with computer time by com­
paring definitive spike or steD changes recorded on both systems. Based 
on the times of the turbine tY'ip and reactor scram, 1 min and 10 or 
II sec would be added to the Y'eactimeter time to equal computer time. 
At the time of peak containment pressure 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 Iprecedlng the burn. 

1.2 CONTAINMENT PRESSURE RECORDER 

The containment pressure Irecorder 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 186 kPa ~bsolute). Therefore, a good contin­
uous record of containment pre~isure is available from this recorder and 
was used extensively in the anCllysis. 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 systemls are tor."ected t(J1 it for comparisons. Unless otherwise 
indicated. Umes stated tn this; report are computer time. 

1.3.1 Alarm Printer 

The alarm printer indicates the time when any of a ld"ge number of 
computer monitored events occur. The printer indicates IIlow,1I IIhigh,lI 
or 'Jl norm'" (retlUJrned to norma)), and provides a printed record of the 
temperature, pressure, or flow, etc •• as dppropriate. When an event 
occurs and the reading ~s off scale. the printer indicates Jlbad" and 
prints question maries hI the parameter column. Another indication is 
"Jcont.il for 'JJcontact inp'Ot." lfihns DS for open/close contact inputs and 
the printer indicates the resulting condil~ons such as high, low, trip, 
isolation. norman, etc. hll the Iparameter co1umn. Events are automati­
cal~y :·anned on d prepTIanned basts. The pressure data used herein 
dPpear to be on a a-sec scan period. The temperature data appear to be 
on a 3D-sec SCdn period. The t~me printed for an event represents the 
Ume the SCdn was completed. The order in which the events .are printed 
forr a given scan is t:tlle prrogramrned scanning order, not the chronological 
orrderr. Therefore, it t'hermd~ ev~~nt couM have actudlly occurred up to 
30 sec prior to the printed alarm time. 

1.3.2 Utiijity Printer 

The ~ttlity 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 various times. 
The time shown fOT each nne is the tilTle at which printing of the 1ilJC 
started. not the actual time associated with the printed parameter. 
The sequence-oF-events reports Iccurately display the sequential timing 
of a series 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 primary shield temperatures. Points 5 through 16 
indicate ambient air temperatU1~es as described in Table 1-1. Points 17 
to 24 are spares and pri"t neat" zero. 

This recorder provided thf! only long-term temperature information 
available for the containment cltmosphere. 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 dayS following the event. 
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TABLE 1-1. Temperature Recorder Points and Their Response to 
Pressurizer Relief ValVE! (PRV) Opening (steam dumping). 

----~~----------------------_T---------------------------

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 

S2 

46 

Response 

Moderate 

Extensive - subcools after PRV 
is closed 

little 

LHUe 

Uttle 

10 2250 288 41 little - vnly after long delay 

11 

12 

13 

hi 

(in coolant draun tank room) 

353 

285 353 

45 littne - this sensor became wet 
! from contd inmerlt spray and re­

mained wet for about '0 hr 
I 

, 56 'fxtens ive - subcoo 1 s after PRV 
i is closed 

2550 326 61 ~ Most extensive - subcools 
e¥tens ive ~ y after PRY is closed (near stairwell No.1) 

330 

310 

3W 

50 I t HUe 

6'D I Moderate - got hotter and stayed 
hotter longer than No. 16 (on 
the east side) but did not 
appear to subcool after PRV 
c10sed 

51 Moderate 
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2.0 PREBURN CONDITIONS 

2.1 THERMAL-HYDRAULIC CONDITIONS 

Prior to the hydrogen burn at 13:50, the containment atmosphere 
had been heated repeatedly by steam released from the reactor coolant 
system (RCS). Temperature measurements showed that the containment 
atmosphere was cooled rapidly by the containment air coolers each time 
the pressurizer relief valve (PRV - specifically block valve RC-V2) was 
closed. At 13:49 on March 2:B, 1919, the PRY 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 alann and reset times for these three 
sensors and an analysiS of clontainment temperature trends indicate that 
the PRY 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 sens i ng 
point 12, located at e.1evation 35l ft, to Sloe 02S0f). Due to its 
high elevation and apparent protection from the containlJ1cnt spray, this 
temperature sens tng point is believed to indicate temperatures nearer 
the aver~ge for the ent~re containment than any other temperature sensing 
point. Interestingly, this Itemperature Is the same as the temperature 
indicated at 04:00 just prior to reactor trip. Key cond'j t ions of the 
containment atmosphere just prior to the burn are summarized in Table 2-1. 

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

Hydr~)gen Burn at 13: 50. 

iParameter State or value 
--------.---------t-----
Average gas temperatur~ 

Gas pr~ssure 

lEst imated water vapor C(Incentrat 10n 

PRV 

53.Joe (1280 F) 

llO.3 kPa (16.0 psia) 

3.5 vol~ 

110.9 m3/sec 
(235,000 ACFM) 

Had been open for l/L 
to 1 min 

The data presented in lr.alb~e 2-l 'were determined by a study of 
recorder' IChd·~~ts dnd an ana ~ y~; i s of tine !performance of t he air coo 1 ers. 
Air eoo1er now rate is baSed on an fUve coolers .operating (recently 
cone h.lded by Burns and :R.oe dl1ld TMI -2 lPerson~e 1). 
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2.2 HYDROGEN INVENTORY 

A study of temperatures and pressures in the ReS indicate that 
hydrogen was generated at a si~,nificant rate beginning at apprcximately 
06:14. This is indicated by a pressure increase in the ReS that 'Occurred 
at that time even though the PFtV was open and the apparent release of 
fission products prior to PRV closure at approximately 06:20. Hydrogen 
generation continued at a significant rate until approximately 06:54 
when coolant pump RC-P-2B was (Jlperated. The flow of water into the 
core caused a rapid pressure rise, and also apparently terminated the 
metal-water reaction. This ti~ling of hydrogen generatiQn generally 
agree~ \'Ii th ear lier ana lyses pr'esented by Wooten et a 1. (2) and by 
Cole.(3) 

Radiatfion monitors in containment began indicating increases in 
radioactivity at about C6:20. One example 1s radiatinn monitor HP-R-213 
~ocated in the fincore Instrument service area. Numerous radiaticn moni­
tors indicated responses by 06:30 (4). It is Hlcely that the monitors 
were detecting radioactivity which escaped from the ReS befcre the PRV 
was closed. The response time delay probably represents the time required 
for the radiodct hd ty to be tr,ansported through the redctor coc l3.nt 
(hann tank {RCllllf} and its ventI fne, then through the dir ccclers and 
exhdust ducts to the various parts of the buiJdlng where the monitors 
dre hlcdted. fhe a Dterna.Uve is that the transfer of gas from the ReS 
occurred through an unidentiffted ~eak path after the PRV was closed. 
However, most 'Of the hydrogen that escaped from theRCS nc dcubt did so 
dur h'1lg times when the IPIRV was 0J»en. The Uml!-ihd s tory of hydrogen mass 
nn the conta~nment bufiUd~ng WdS reconstructed using the following data: 

• lnming of projected hydrogen generation in the core 

• Timing of the PRV openings 

• Pressure c:iHmges nn the iReS 

• CdTICUJlUdted lQIudntny of hydrogell'i consilJJmed ;1'1 the burn 

• Measured IQIQJlant 1 t)' lof hydrogen present un conta'i nment after 
the bur;i1I. 

I~esunts from tlt1lns d,p,aUysnsdre exihlil/)ijtedgf'!lPhiCdlly in Figure 2-1. 
iPerihap!s tlhle most ijlmlportdlf1Jt restLInt sit1l0Wrl on f~9ure 2-1 1S that the hydro­
gelf1J 5cctLlmuiated in the containment atmosphere ever a 6 to 7 hr time 
period alUowing mlx~ng processes to distribute hydrogen throughout the 
containment vo.ume. ~s indicated on figure 2-1, essentially all of the 
hydlrorgeJr1J tt1iat:das ntr'll thile cOlf'lltd1inment prior to the burn had been there 
for l to 7 hr, providnng a relatively long mixing time. The exception 
to tlhlis is tlhle sma') quantity of hydrogen that was released when the 
PRY opened just prior to the burn. Only a relatively small quantity of 
hydro~ei11J ~/OL!M have entef'ed CDntil.~nme!11t dtJring th'ls period because the 
IPIRV WdS open for Uess t:han II min and beCiHJSe the ReS pressure was rela­
UveTIy Do'w dnd i1J1uch of the hydro~'fm had al.ready been dumped at ea.rl;er 
tijmes. 
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The main entry point of hydrogen to the containment atmosphere was 
the discharge duct from the RCDT. This duct [0.46 m (18-in.)]diameter 
delivered gas exiting from the failed rupture disc to a point outstde 
the room which housed the RCDT. The duct terminates below the eleva­
tion 305 (93 m) floor at a point reasonably close to the west (No.1) 
stairway which is open at each floor. Temperatures measured at eleva­
tion 326 in the vicinity of this stairway (sensing point No. 13 on the 
multipoint recrrder) reacted quickly to steam exiting from the RCDT 
exhaust duct, indicating that the steam plume had passed this point. 
The hydrogen/steam mixtures entered other containment spaces through 
the open stairway, floor gratings and an annular gap about 4 in. wide 
between each floor and the containment shell. 

The hydrogen/steam mixture would be initia'ily highly buoyant and 
would tend to stratify in each of the compartments into which it entered. 
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The tendency of hydrogen/steam mixtures to stratify is opposed by a 
number of mixing processes. Among these are the following: 

• Entrainment by the exiting jet or plume 

• Natural convection due to temperature gradients along wall 
surfaces 

• Molecular diffusion 

• Momentum of air exiting from air cooler outlet ducts 

• Inter-room mixing caused by air flow from the air coolers. 

Experiments conducteq ~nder the support of the Electric Power 
Research Institute (EPRI){5) have illustrated the degree of mixing that 
occurs in a large test vessel when heated hydrogen/steam mixtures are 
jetted in at a local point. The test compartment was 7.6 m (25 ft) in 
diameter and 4.6 m (15 ft) in height, and represented a 0.3 size scale 
of the lower annular compartment of an ice condenser containment. It 
was demonstrated that appr~ciable hydrogen concentration gradients could 
persist only during the injection phase. After the source was termi­
nated, hydrogen concentrations became uniform (to within a fraction of 
1% hydrogen) within a few minutes. 

In the TMI-2 containment all of the mlxlng mechanisms noted above 
were operational. Temperature differences of lOoe to 300 e (Z;.:J j , to 
600 F) typically existed between gas and walls, ensuring the 0\istence 
of turbulent boundary layers on walls. Also, the coolers recirculated 
conta i nment air an average of once every 8 to 9 mi n. For!nost of the 
hydrogen in containment, these mixing processes had ~our's to opr-ate 
making it almost certain that the bulk of the hydrogen would hale been 
well mixed throughout the containment space. The small 4uantity of 
hydrogen released during the period when the PRV was open ~mmediately 
prior to the burn would, of course, not have had time to mix with all 
of the contained gas, and small local volumes of higher hydrJgen concen­
tration would have existed at the time the burn began. 

L1 summary, a cursory application of ex;sti"g lTIixing rata to the 
TMI-2 preburn atmosphere leads to the conclll':,;on U. :. at ti;e time of 
the burn, the bulk of the hydrogen was well mixed t~roughout the con­
tainment atmosphere. Except for the region of the vent plume, it is 
unlikely that concentration differences 2S much as 1% hydrogen could 
have existed between the upper containment and regions below eleva­
tion 305. 

8 
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3.0 HYDROGEN BURN 

3.1 CONTAINMENT PRESSURES AND TEMPERATURES 

As previously stated, the containment pressures resulting 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 also 10 pressure switches calibrated to actuate at about 24.7 kPa 
(3.58 psig) and to reset at about 20.7 kPa (3 psig) and 6 pressure 
switches calibrated to actuate at about 184 kPa (26.75 psig) and to 
reset at about 180 kPa (26 psig). These switches were monitored by the 
plant computer; therefore, the times that these switches actuated and 
reset are accurately known. Pressure switch actuation data are detailed 
in Table 3-1. Based on these accurately timed and calibrated data, the 
OTSG A and B pressure data were corrected by adding 1 min 5-1/2 sec to 
the reactimeter time for that period, adjusting the pressure at the 
time the hydrogen burn started to 9.0 kPa (1.3 psig) (from the pressure 
recorder), then increasing the indicated value of each pressure point 
by 7.7%, a span correction which matches the calibrated pressure points. 
A plot of these data near the time of the end of the burn is shown in 
Figure 3-1. A composite of the data available from all three sources, 
from the time just prior to the hydrogen burn until after the contain­
ment spray was terminated, is shown in Figure 3-2. The average contain­
ment gas/vapor temperature was calculated from the containment pressure 
(after the hydrogen burn) by the following expression, and the resulting 
temperature scale was added to Figures 3-1 and 3-2. 

where 

T1 = initial absolute temperature 

T2 = absolute temperature at the time of interest 

PI = initial absolute pressure 

P2 absolute pressure at the time of interest. 

This expression corrects for the hydrogen and oxygen burned and 
the water vapor produced by the reaction. Its accuracy assumes no con­
densation (or addition) of water vapor. Note that the temperature is 
the containment average which includes the lowest (air cooler outlet) 
to the highest (dome) containment gas temperatures. Of the available 
temperature sensors, sensing point No. 12 is believed to best represent 
this average temperature. 

9 I 
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Rack No.1 Penetration 
color No./length 

472/red 545A164 ft 

455/green I 554C/28 ft 

467/ 562C/60 ft 
yellow 

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 
Elevationl 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/ lA 3259 2833 50:21 53:37 -- 3.5 3.4 
150 IB 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 ftl 2"" 3260 2834 50:21 54:01 -- 3.58 3.35 
4()o 28 3988 3279 50:21 54:03 -- 3.6 3.3 

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

5A 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 ftl -- 3573 3170 50:21.4 52:53 -- -- --
450 

_ L --~_I--

Reset corrected to 
~ ..... ! 

i 
03/79 calibration 

(psig) 

25.8 

26.75 

26.3 

25.4 

25.8 

26.2 
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3.2 QUANTITY OF HYDROGEN BURNED 

The quantity of hydrogen burned was calculated using five different 
methods; these methods are listed in what is believed to be the order 
of best accuracy: 

1. Analysis of the burn peak pressure-temperature projected back 
in time to a theoretical "zero-time" (a.diabatic) burn 

2. Gas addition calculated from containment temperature and pres­
sure measurements before the hydrogen burn 

3. Gas depletion calculated from containment temperature and 
pressure measurements just prior to and after the hydrogen 
burn 

4. Pressure rise rate and flame front velocities during the burn 

5. Oxygen depletion from chemical analyses. 

3.2.1 Theoretical "Zero-Time" Burn 

The projection or extrapolation of the burn pressure-temperature 
back to a theoretical "zero-time" burn is shown on Figure 3-1. The 
time selected for the theoretical burn was based on a trial and error 
approximation method which balanced the integral of the temperature 
times the cooling time before the theoretical burn, with that after the 
theoretical burn to the end of the burn. This method resulted in the 
time for the theoretical burn to be 4 sec prior to the end of the burn 
as indicated by the measured peak pressure. The extrapolation based on 
empirical heat transfer information (to be discussed later) also appears 
to be consistent with a graphical projection of the measured data points. 
This extrapolation/projection crosses the theoretic~l burn time at 7600 C 
(14000 F). This temperature should be increased by approximately 300 e 
(500 F) to 7900e (14500 F) to compensate for the aftcrburn which occurred 
at about 13:50:45. (See Section 4.3.) From a plot of the predicted 
containment temperature for an adiabatic, isochoric, hydrogen burn shown 
in Figure 3-3, the hydrogen burn consumed 6.8% hydrogen on a total wet 
(3.5% water vapor) basis. 

3.2.2 Gas Addition 

Gas addition calculations have suffered from the difficulty of 
accurately predicting the quantities of water vapor present in the con­
tainment atmosphere at different times. A study was made of the effect 
the gas coolers have on the water vapor content or relative humidity of 
the containment gas. It was found that the gas coolers are very effi­
cient in removing water vapor from the containment. With five blowers 
operating at full flow, 22.2 m3/sec (47,000 ft 3/min) each, the 57,600 m3 
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(2,033,000 ft 3) of gas in the containment goe3 through the air coolers 
once every 8.65 min. Therefore, in 42 min the containment gas volume 
passes through the coolers an average of 4.85 times. With perfect mix­
ing, and with no change in gas cooler outlet temperature, this would 
reduce the water vapor to within 3.5% of that of the saturated gas leav­
ing the gas coolers. This is lower than should be expected since mixing 
is not perfect, and the gas cooler outlet temperature was decreasing as 
inlet temperatures decreased and the water content was reduced. To 
check air cooler performance, two studies of temperature and pressure 
data were made starting at 15:07 and 17:04, when the PRV was closed (no 
steam being dumped to containment). These studies indicate that about 
85% of the water vapor removed in 87 min had been removed in 42 min 
(see Figure 3-4). Therefore, when the PRV had been closed for 42 min, 
the water vapor fraction in the containment was only about 15% higher 
than that in the water-saturated-air leaving the air cooler. Table 3-2 
summarizes containment gas and water vapo~ conditions and quantities. 
The table indicates that at 04:00, prior to turbine trio, 2,073 kg 
(4,561 lb) moles of dry qas dre calculated to have been in containment. 
At 13:50, just prior to the hydrogen burn, 2,261 kg (4,974 lb) moles of 
dry gas are calculated to have been in the containment, a difference of 
188 kg (413 lb) moles. Correcting for about 2 7 kg (6 lb) moles of 
fission gas, about 185 kg (407 lb) moles of other gas, presumably hydro­
gen, had been added. This indicates that 7.9% hydrogen on a wet (3.5% 
water vapor) basis was present in containment just prior to the hydrogen 
burn. Subtracting the previously calculated 6.8% hydrogen burned, 1.1% 
hydrogen would have been in containment after the hydrogen burn. 

3.2.3 Gas Depletion 

Gas depleted from the containment atmosphere by the hydrogen burn 
is calculated to be 214 kg (471 lb) moles. This number is the difference 
between the gas inventories before and after the burn, as listed in 
Table 3-2, plus the 10 kg (23 lb) moles of gas estimated to have been 
discharged from the RCS to containment when the PRV was open between 
14:00 and 15:07. Two-thirds of this would have been hydrogen and one­
third oxygen. Therefore, this method indicates that 142 kg (314 lb) 
moles of hydrogen were removed during the hydrogen burn. This is 6.1% 
on a wet basis, which is 0.7% lower than the 6.8% previously calculated. 
Both methods appear to be quite accurate and, therefore, this 0.7% 
hydrogen difference is difficult to explain. From a hydrogen balance 
and the other methods of calcu1ation, the higher value is considered to 
be closest to the ac.tual value. 

3.2.4 Pressure Rise Rate and Flume velocities 

Determining hydrogen concentrations from the rate of pressure rise 
and flame propagation velocities is qualitative at best. The rate of 
pressure rise is not only dependent on the hydrogen percentage, but 
also on the size, shape, vertical-to-horizontal orientation of the vessel, 
the number cf compartments and barriers, sizes and numbers of openings, 
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TABLE 3-2. Quantities of Gas and Water Vapor in Containment at Selected Times. 
Gas cooler outletC n-dry gas 

nb total Gas 
Date Time Temperatu.,-e Pressure wet Vapor pressure (On a (psig) Temperature Calculatgd lb moles (OF) pressure (psia) 

(psi) lb moles 

Preburn 

03 /28/79 0400 128 -0.20 4,741 82 0.55 I 13.95 4,561 

0620 143 +2.20 5,310 -- -- -- --
0713 130 +0.40 4,849 90 0.75 14.35 4,608 

0900 157 +4.30 5,835 -- -- -- --

1308 135 +2.60 5,509 -- -- -- --
1350 128 +1.30 5,156 78 0.47 15.53 5,004 

Postburn 

\1507 I 138 I +0.95 4,959 -- -- -- --
1549 127 I -0.20 4,680 72 0.39 14.11 4,554 

1634 124 -0.40 4,639 69 0.35 13.95 4,526 

1704 131 +0.65 4,921 -- -- -- --
1746 124 -0.25 4,688 71 0.38 14.07 4,564 

1810 123.5 -0.40 4,643 68 0.34 13.96 4,533 

1830 121.5 -0.1l5 4,643 6i 0.33 13.92 4,535 

03/29/79 e 103 -0.90 4,644 61 0.27 13.53 4,533 

03/30/79 e 95 -1.10 4,643 59 0.25 13.35 4,558 

03/31/79 e 92 -1.10 4,668 59 0.25 13.35 4,582 

04/01/79 e 90 -1.15 4,668 59 0.25 13.30 4,582 
-- -- -------- ---- ---------

NOTE: PRY = pressure relief valve. 
aTemperature at El 353 ft (No. 12) considered to be average for containment. 
bFrom gas law, n = PV/RT = 189,470 PIT for 2.033 x 106 ft 3 volume. 
cTemperature and saturation vapor pr~ssure at gas cooler outlet (No. 5 ~~d 6). 

Correcte~ 
lb moles 

4,561 

.1'4,590 

4,590 

.1'4,735 

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 basis) 
COIIIIIents 

3.9 Before turbine trl~ 
V " 2,063,000 ft. 

13.6 PRY closes 

5.3 53 min after PRY closed 

18.9 Maximum pressure from steam 
release 

9.7 PRY closes 

3.5 42 min after PRY closed 
V = 2,033,000 ft 3 (water added) 

8.7 PRY closes 

3.4 42 mil! after PRY closed 

2.4 87 min after PRY closed 

7.9 PRY closes 

3.3 42 min after PRY closed 

2.4 66 min after PRY closed 

2.4 86 min after PRY closed 

2.0 1 day after burn 

1.8 2 days after burn 

1.8 3 days after burn 

1.8 4 days after burn 

dCorrected on the basis of the longer ter'm data shown in Figure 3-4. fhis correction is based on the assumption that 85 min after the PRY has 
been closed, the % water vapor in the contair,ment gas is the same as that at the gas cooler outlet. 

eNear noon, but at time of minim~n ter.,perature and pressure, when they are fluctuating (apparently due to steam additions). ..' 
"-,: 



and initial turbulence. In test vessels, all relatively very small 
compared to the 57,600 m3 (2 million ft 3) TMI-2 containment building, 
typical burn velocities for gases containing about 8% hydrogen are less 
than 1.5 mlsec (5 ft/sec). Horizontal burn velocities are much lower 
than vertical-upward velocities. Flames do not propagate downward in a 
quiescent atmosphere for hydrogen concentrations below 9% in air. 
Turbulence increases downward propagation, but velocities are low, 
depending on the amount of turbulence. Since pressure data indicate 
that the hydrogen burned in approximately 15 sec, with most of the burn 
occurring in less than 6 sec, it can be inferred that the burn path was 
predominantly from the bottom up. Even so, for a burn extending verti­
cally almost 60 m (200 ft) and horizontally about 30 m (100 ft) burn 
velocities were higher than those typically measured in small vessels. 
The initial turbulence created by flow from the air coolers, and the 
IIchimneyll effect caused by a vertical burn in such a large and par'­
ticularly tall containment would create high vertical velocities. The 
turbulence would also increase the horizontal velocity component. While 
the compartments below elevation 305 would inhibit horizontal flame 
propagation. the relatively open area between elevations 305 and 347, 
the many openings through the floor at elevation 347. and the high open 
bay above elevation 347 would result in high velocities, particularly 
upward, but also laterally and even downward in the unburned areas. 

To further develop the burn ~peed and path, it is noted that the 
PRV was opened at some time between 13:49:05 and 13:49:35 as indicated 
by the alarm printer. (The PRV outlet temperature went IIhighll at that 
time.) The PRV was c~8sed shortly after the containment pressure spike 
was observed at 13:50:27. This gas was discharged through the reactor­
coolant drain-tank rupture-disk vent-line below elevation 305 near the 
west side of the containment. The primary upward flow path from there 
is through the open stairwell No.1. Therefore. this low density steam­
hydrogen plume would flow primarily up the open stairwell to the top of 
the ce· linment bui'uing. This resulted in a region of higher hydrogen 
concentrdtion at all lpvels near the open stairwell. 

There are a number of evidences that the hydrogen burn occurred 
below elevation 305. The most convincing of these are calcuiations 
which show that the temperatul-es monitored there aft~r the hydrogen 
burn were higher than they could have been if heated only by the supply 
air which had just passed through the air coolers. Further, those tem­
peratures indicate a consistent trend with the other higher elevation 
temperatures. as shown ~n Figure 3-5. 

An indication that the hydrogen burn was initiated at some point 
below elevation 305 and on the west side of containment is that the 
pressure rise recorded for OTSG A. located on the west side below ele­
vation 305, rose in pressure 3 sec sooner than its identical twin, 
OTSG B, located in a compartment on the far east side of containment 
below elevation 305. Even though the se~~or inlet location f'r OTSG B 
may have been under water at the time, calculations backed by water 
flow measurements through the screen at the bottom of the instrument 
show that its delay would have been less than 0.2 sec with a pressure 
lag or negative error of less than 0.5 psi as a result of having its 
reference opening under water. 
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The pressure lag in the east compartment below elevation 305 is 
also shown by pressure switch BSPS 3573 (which has its pressure sensing 
point in that area) being the last of 10 pressure switches, nominally 
set to trip at 24.7 kPa (3.58 psia), to be actuated. The other nine 
pressure switches have pressure sensing points in the large open area 
on the east side of containment above the floor at elevat~on 305. This 
supports the hypothesis that at least some of the indicated OTSG pres­
sure lag appears to be real and that the burn origin was in the compart­
ment at the lower west side of the containment. 

Four temperature alarms monitored by the plant computer (see 
Table 3-3) show that the hydrogen burn occurred in both D-rings. 

During the first 6 or 7 sec, while the pressure was still relatively 
low, tile burning gases were expanding as in open, relatively constant 
pressure burning. Resulting flame temperatures were considerably lower 
than for constant-volume complete burning. Correspondingly, the large 
volume of unburned gas was increasi~g in temperature as a result of 
compression heatin~. This compression heating continued until the burn­
ing stopped. When about half of the hydrogen had been burned, the abso­
lute pressure in the containment had doubled, and the temperature of 
the unburned gas had increased from the 530 C (1280 F) average initial 
temperature to 1220 C (2520 F). Near the end of the burn when the abso­
lute pressure was approaching 3 atmospheres, compression heating would 
have increased the unburned gas temperature to 1680 C (3350 F). See 
Appendix for more detail. In the large open volume above elevation 347, 
radiant heat transfer from the burned gas to the unburned gas might 
have been even more significant. With the increased preheating, turbu­
lence resulting from compression and convection currents, and the grow­
ing ~ize of the flame front at all levels, the ability for the gas to 
burn laterally and downward would be continually increasing. Analysis 
of the pressure spike indicates that the last one-half of the gas to 
burn, compressed to one-fourth of the containment volume, burned in 
less than 3 sec. 

First intuition might be to say that from the high pressure rise 
rate, with flame velocities apparently above 9 m!sec (30 ft/sec) for 
much of the last 6 sec, the hydrogen concentration must have been over 
9% or 10%. However, conSidering the entire burn, which occurred in 
approximately 15 sec, the compression and radiant preheating, tUl'bulence 
and induced flow from the gas cooler system, the locally hydrogen-enriched 
plume moving up the stairwell with its turbulating action, and with the 
tall chimney effects caused by natural convection in the high open­
burning region, it appears that the burn could have occurred as rapidly 
as it did in a hydrogen concentration as low as the previously calculated 
7.9% on a wet basis (8.2% on a dry bdSis). 

3.2.5 

The oxygen depletion method assumes, as a preburn condition. that 
the containment atmosphere is air with added hydrogen. During a hydro­
gen burn, hydrogen and oxygen on a 2 to 1 ratio are converted to water. 
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TABLE 3-3. Temperature Data Related to Burn Path. 

Computer Angle Actuation 
Instrument Elevation Radius input abbreviation (ft) degrees (ft) Time Temperature Comments 

number from north hr:min:sec* (OF) 

0403 RVIA 355 250 30 13:50:35 204 Pressurizer relief 
0404 RVIB 355 250 30 13: 50: 35 205 valve outlet temp-

perature sensors 
are clamp-on type E 
thermocouples ap-
parently exposed to 
the ambient air. 

0422 RCPIA 327 300 40 13:50:36 157 Reac1:or coolant 
0425 RCPIB 327 60 40 13: 50: 36 125 pump ,notor in 1 et 

air temperature 
sensors are Minco 
100 ohm platinum 
dual RTDs. 

--- --I- ---- -

*Actual times of events were 0 to 30 sec prior to the time shown. 



Therefore, a postburn analysis of the oxygen can be used to determine 
the amount of hydrogen lost. This method of calculating the amount of 
hydrogen burned is only as good as the oxygen analysis data available. 
Unfortunately. the oxygen data obtained after the TMI-2 hydrogen burn 
does not show good consistency. The results of two analyses of a con­
tainment gas sample taken at 0600 on 03/31/79 and the average of five 
samples taken on 04/01/79 are shown in Table 3-4. It is not known which 
are the best data. It was reported at the time that sampling procedures 
were changed after the first day to minimize exposure to those taking 
the samples. Also, an air leak in the sampling system is suspected. 
Assuming that the hydrogen burned from 8.2% (dry basis) down to 1.1%, 
the resulting gas balance would be as shown in Table 3-4. 

TABLE 3-4. Gas Balance, Burning from 8.2% Hydrogen in Air 
(Dry Basis) to 1.1% Hydrogen, and Postburn Gas Analyses. 

Oxygen Hydrogen Nitrogen Total 

Air - Initial 0.210 -- 0.790 1.000 
condit ion 

Hydrogen/air mixture 0.193 0.082 0.725 1.000 

Removed during burning 0.036 0.072 0 0.108 

Postburn 
Remaining fraction 0.157 0.010 0.725 0.892 

Remaining % 17 .6 1.1 81.3 100.0 

Analyses (%) 
03/31/79 16.1 1.7 82.2 100.0 

03/31/79a 16.l' 1.1 82.7 100.0 

04/01/79 18.8 2.2 79.0 100.0 

04/0l/79b 19.0 1.1 79.9 lOG.O 

aCorrected back to postburn condition by removing 0.6% hydrogen 
estimated to have been added to containment when the PRV was open 
shortly after the hydrogen burn. 

bCorrected back to postburn condition by removing 1.1% ~ydrogen, 
which includes 0.5% hydrogen added to containment during 03/31/79 and 
04/01/79. 

Since the 03/11/79 gas analysis shows lower oxygen than the projec­
ted postburn condition, and the average of the 04/01 gas analyses and a 
~umber of analyses made on 04/02 and 04/03 show higher oxygen than pro­
jected, there appears to be no reason to modify earlier conclusions 
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based on this oxygen depletion analysis. However, the many high oxygen 
analyses cause one to consider that a significant fraction of the hydro­
gen may have been generated by radiolysis, which would also have produced 
oxygen. 
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4.0 POSTBURN TEMPERATURE DISTRIBUTIONS 

The temperature-time history of gas in the postburn atmosphere 
plays a key role in determining burn damage. The containment average 
temperature-time history is shown in Figure 3-2. The following analyses 
were made to determine how rapidly cooling should be expected and to 
illustrate how the temperature-time history varied in various contain­
ment regions. 

4.1 HEAT REMOVAL BY AIR COOLER 

Each of the regions of the containment is ventilated by cool air 
supplied by the air coolers. The purging of cool air through a gas 
space represents a mechanism which controls heat removal in the long 
term. but is minor compared to heat transfer to surfaces during the 
first minute following the burn.. Five coolers, operating at approxi­
mately 22.2 m3/sec (47,000 ACFM) each, were on-line during and after 
the burn. 

The performance of the coolers was computed using a heat transfer 
coefficient surface area product. (UA) of 589 W/secoC (67,000 Btu/hrOF), 
a water inlet temperature of 70 C (450 F) and a water flow rate of 
380 L/sec (800 gal/min) for each cooler. Calculated steady state out­
let temperatures are listed in Table 4-1. 

TABLE 4-1. Predicted Outlet 
Temperature of Air Coolers, 

Steady State. 

Gas inlet. 
temperature 

oC 

704 
649 
593 
538 
427 
316 
204 

130 
120 
110 
100 
80 
60 
40 

0 
0 
0 
0 
0 
0 
a 

Gas outlet 
temperature 

be OF 

188 370 
173 344 
159 318 
144 292 
116 240 
88 190 
59 138 

Transient calculations that accounted for the thermal inertia of 
cooling water [2270 kg (5,000 lb total inventory)] and copper coils and 
fins [11,800 kg (26,000 lb total inventory)] showed that peak gas outlet 
temperatures were approximately 1490C (1000F), or some 390C (700F) 
below the maximum predicted for steady state. 
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The heat removal rate due to coolers may be estimated as the 
product of mCp~T where 

m = mass flow rate, kg/sec (lb/sec) 

Cp = gas heat capacity at constant pressure, J/kg·K (Btu/lbOF) 

~T = temperature difference across the cooler, 0C (OF). 

The air flow rate to each of th2 containment regions, as designed and 
as estimated on the basis of duct area leaving the coolers, is shown in 
Table 4-2. Approximately 66% of cooler output was directed to the D­
rings, making heat removal by air coolers most important for this 
region. 

TABLE 4-2. Flow Areas of Ducts Leav~-g Air Cooler. 

Ouct Flow Fraction of Design Fraction of 
Duct description diameter, area, total flow flow total flow 

in. ft2 area (%) rate (%) 

D-ring 
East 72 28.3 1 79,210 I 0.70 0.66 
West 84 38.5 65,810 

Elevation 282 
East 40 8.71 23,8nO 

1 0.10 0.11 
West 8 0.4 1,140 

LOCA Duct 
East 42 9.61 25,000 I 0.20 0.23 
West 42 9.6 25,000 

4.2 HEAT TRANSFER TO EXPOSED SURFACES 

The dominant heat loss mechanism from postburn gases (prior to 
spray operation) is transfer to exposed surfaces. In general, the loss 
rate can be expressed as follows: 

(2) 
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where 

" 

q = heat loss rate, watts (Btu/sec) 

h = heat transfer coefficient, w/m2 ·K (Btu/secoF ft2) 

A = exposed surface area, m2 (ft2) 

Tg,Ts = temperature of gas and surface, respectively. 

The cool-down rate of gas in a compartment is related to Q by 

(3) 

where 

~~ = gas cool-down rate, 0C/sec (OF/sec) 

m = mass of gas in the compartment, kg (lb) 

Cv heat capacity at constant volume, J/kg·K (Btu/lbOF). 

Surface areas for heat transfer and gas volumes were estimated 
from engineering drawings of the Unit-2 plant. The overal-I containment 
was divided into three regions. Areas and volumes for these regions 
are given in Table 4-3. 

The data presented in Table 4-3 illustrate the importance of real­
istically accounting for surface areas in containment. The total sur­
face is estimated to be approximately 2.7 times greater th<ln that of 
the steel containment liner. Another important point is that the region 
below elevation 347 has a surface/volume ratio some four times larger 
than that in upper containment. The equipment areas listed in Table 4-3 
are thought to err on the low side; future detailed studies might be 
useful to arrive at more precise estimates of equipment surface areas 
in conta i nment. 

Heat transfer from the gas to its surroundings would result from 
both radiation and convection. The approach used here was to derive 
overall heat transfer coeffic"ients from hydrogen burn tests carried out 
at Rockwell.(l) The variation of h with gas temperature, deduced from 
small-scale test data, is portrayed in Figure 4-1. The heat transfer 
coefficients displayed in Figure 4-1 increase rapidly with temperatures 
above 5380 C (10000 F). This is thought to be the result of radiation. 

Condensation per se has -little effect on sensible heat (tempera­
ture) loss from the gas, however, the quantity of heat removed by con­
densation is probably significant. Condensation heat transfer effects 
could not be readily segregated from the Rockwell(1) test data and were, 
therefore, included implicitly in the cool down analyses. 
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TABLE 4-3. Heat Transfer Surface Areas and Gas Volumes in 
Three Containment Regions. 

Heat transfer area Inside Below Above 
O-rings EL 347 ft EL 347 ft 

Uninsulated equipment, Kft2 17 39 34 

Painted steel liner, Kft2 3 55 ?7 

Concrete. Kft2 35 84 26 -
Total uninsulated area, Kft2 55 178 137 

Gas volume, Kft3 211 428 1,394 

Surface/volume, ft-1 0.26 0.42 0.10 

Total 
containment 

90 

135 

145 -
370 

2,033 

0.18 
- - -- - ------ ------ ------ --------.-~~ 

NOTE: EL Elevation. 
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FIGURE 4-1. Overall Heat Transfer Rate Versus Gas Temperature for Different 
Gas Mixtures. (From Reference 1, Figures 12 and 14.) 
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4.3 PREDICTED DECAY OF POSTgURN GAS TEMPERATURES 

The time-temperature history for the three containment regions 
described in Table 4-3 was predicted using Equations 2 and 3 along with 
the areas of Table 4-3 and heat transfer coefficients for the contain­
ment atmosphere specific volume and the curves shown in Figure 4-1. 

Initial temperatures in each volume were established from theoreti­
cal calculations of an adiabatic burn. From the time of the theoretical 
burn until sprays operated, heat transfer in all three regions was com­
puted independently. After sprays started, convection heat transfer in 
the lower unsprayed area was accounted for as before, but the cooling 
rate in the upper containment (the sprayed volume) was computed so that 
the predicted overall cooling rate agreed with the measured overall 
cooling rate. 

Two cases involving different hydrogen burn assumptions were ana­
lyzed. In each case it was assumed that the containment hydrogen con­
centration was 7.9% on a wet basis (3.5% water vapor) and was well mixed. 
In the first, it was assumed that hydrogen in the region above eleva­
tion 347 burned down to 1% hydrogen; to 2% hydrogen in the O-rings; and 
to 2.2% hydrogen below elevation 347. This balances the total con­
tainment burning to an average of 1.1%. Results of this computation 
are illustrated in Figure 4-2. 

As indicated by the curves of Figure 4-2, the temperatures in lower 
regions fall much faster than in upper containment due to higher surfacej 
volume ratios there. The predicted average temperature agrees very 
well with the measured value up to spray initiation. ThlS supports the 
validity of the heat transfer analysis. 

A second burn case assumed complete burning in tt;e l..ipper region. 
To balance the total containment burning to 1.1%, burning in the region 
below elevation 347, including the region in the O-rings, would have 
been down to about 3.5% hydrogen. Results are shown in Figure 4-3. As 
indicated by the curves on this figure, these assumptions raise the 
upper containment temperatures and lower those below elevation 347. 

These time-temperature figures illustrate the degree to which lower 
containment regions are comparatively cooler in the postburn atmosphere. 
The most obvious effect would be to minimize burn damage in these regions. 

4.4 CONSIDERATION OF LACK OF COMBUSTION BELOW ELEVATION 305 

A hypothetical case was analyzed to determine whether the measure~ 
gas temperatures in the containment regions below elevation 305 were 
consistent with the postulate that no burn occurred there. The issue 
is germane because the tempel'ature recorder did not rec.ord points during 
the early postburn period. At about 13:54, the first postburn time 
when the recorder printed a gas temperature, the temperature had already 
decayed to within 280 C (500 F} of preburn conditions. Thus one could 
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postulate that th~ modest temperature rise measured for the region 
below elevation 305 resulted from heating by air from containment 
coolers; the containment coolers would discharge air that was hotter 
than the initial room temperature for several minutes. 

Atmospheric temperatures ~n the region below elevation 305 were 
predicted using the following key assumptions: 

• Heat loss to walls and heat gain from walls was negligible 

• Heat gain by compression heating equals heat loss by expansion 
cooling 

• Gas entering the cooler inlet was at the average containment 
temperature 

• The room was ventilated at the rate of six changes per hour 

• Room air was perfectly mixed. 

Predicted temperatures are compared with measured temperatures in 
Figure 3-5. These curves show that the temperature at elevation 2S8 is 
predicted to increase by only soe (150 F) at 13:54, whereas the measured 
temperature was lSoe (320 F) higher than the initial value. A study of 
potential errors in the predicted temperature increase due to the purg­
ing process indicated that the values shown in Figure 3-5 r~uld not be 
low by lOoe (170 F) and, therefore, that the room could not have been 
heated solely by this purging process. It is inferred that a hydrogen 
combustion occurred in this region. 
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5.0 BURN DAMAGE 

Numerous observations and photographs(6) taken inside the contain­
ment provide detailed information on damage that can be attributed to 
the hydrogen burn. Available information has been studied to see 
whether the observed damage is consistent with the overall picture of 
the burn developed herein. 

5.1 TRANSIENT HEATING OF MATERIALS IN A HYDROGEN BURN 

As was illustrated in Section 4.0, the hydrogen burn imposed a 
brief temperature and pressure spike on the containment atmosphere. 
The temperature profile in a dry exposed material body depends on the 
following factors: 

• Heat flux at exposed surface (a function of time) 

• Thermal di~fusivity of the material 

• Material thickness 

• Time. 

The heat flux imposed on surfaces in TMI-2 resulted from radiative 
and convective heat transfer. For postburn gases composed of 10% water 
vapor, the product of water vapor pressure and path length is on the 
order of 10 atm-ft for the upper containment, yielding an emissivity of 
approximately 0.47 at 7600 e (14000 F) and 0.56 at 2000 C (4000 F).(7) For 
compartments having equivalent diameter ~f 20 ft, the product of path 
length and vapor pressure would be approximately 2, yielding emissivi­
ties of approximately 0.3 CIt 7600 C (14000 F). A comparison of calculated 
radiant heat transfer rates to the measured total heat transfer rates 
(derived from Figure 4-1) indicates that in the uppei' containment, radi­
ant heat transfer accounts for 72% of the total at 7600 C and 40% of the 
total at 2000 C. In a 6 m (20 ft) compartment, radiant heat transfer 
would account for 43% and 24% of the total heat transfer at 760aC and 
2000 e, respectively. 

Thermal diffusivities of materials vary markedly. Metals, like 
carbon steel. have high thermal diffusivities and would cause heat 
energy to be absorbed through a significant thickness. Materials of 
low thermal diffusivity are plastics and wood. These would be expected 
to develop large temperature gradients when exposed to hot gas. Concrete 
has a thermal diffu~ivity intermediate between those of steel and wood. 
Thermal diffusivity is defined by K = k/pCR where k is the thermal 
conductivity, p is density and Cp is specific heat. In summary. wood 
and pla~tics would be expected to experience relatively higher surface 
temperatures d~e to the hydrogen burn than would be experienced by 
structural steel. 
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Material thickness is obviously important; not only will heat pene­
trate more uniformly through a thin body, but also the body will become 
hotter due to its lower thermal inertia. 

5.2 AFFECT OF SURFACE ~OISTURE 

Liquid water was undoubtly present on some surfaces just prior to 
the burn and would have an important effect on the final temperature 
reached because of heat absorbed by evaporation. Based on the time­
temperature history for upper containment, it was estimated that a water 
film approximately 0.5 mm (0.02 in.) thick would absorb the entire heat 
load by evaporation. Therefore, objects that were wet by water (con­
densed steam from the PRV discharge) would not be heated nearly as much 
as similar objects that were dry at the time of the burn. 

5.3 REPRESENTATIVE HEATING CALCULATIONS 

The transient heat conduction equation was solved by minicomputer 
for a fe~ representative cases. One-dimensional slabs, heated from one 
side and insulated on the other, were divided into nine equally spaced 
nodes and subjected to heat fluxes based on the temperature-time pro­
files and heat transfer coefficients disc~ssed in Section 4.0. This is 
identical to heating a slab of twice the thickness from both sides. 
Five cases that were analyzed are described in Table 5-1. Gas tempera­
tures were taken from Figure 4-2 with peak temperatures extended to 
7880 C (14000 F) in each case, above and below elevation 347. 

TABLE 5-1. Heat Transfer Cases Analyzed. 

Thickness Position in Case number Materi a 1 containment mm in. 

1 Painted carbon steel 6.4 0.25 +347 

2 Wood >9.5 >0.375 +347 - -
3 Wood 3.2 0.125 +347 

4 Wood 3.2 0.125 -347 

5 Wood >9.5 >0.375 -347 - --

Surface temperatures predicted for the five cases described in 
Table 5-1 are shown graphically in Figure 5-1. 
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As indicated by the curves of Figure 5-1, the surface temperatures 
achieved during the 60 sec period depend strongly on material properties" 
thickness, and location in containment. Thin materials [3.2 mm (1/8 in. 
heated from both sides or equivalently 1.6 mm (1/16 in.) heated from 
one side] can develop much higher surface temperatures than thicker 
slabs of the same material. ,Interestingly, wood sheets thicker than 
9.5 mm (3/8 in.) had the same surface temperatures. The reason is that 
the heat was unable to penetrate more than 4.8 mm (3/16 in.) in the 
60 sec period. Therefore, thicker wood sections would exhibit the same 
surface temperatures shown for 9.5 mm (3/8 in.) boards. 

The carbon steel slab increased in temperature much less than wood. 
Most of the temperature increase shown in Figure 5-1 for carbon steel 
actually was across the 0.25 mm (0.010 in.) layer of paint. 

The lower surface temperatures achieved by wood sheets in low 
regions of the containment (-347 ft elevation) simply reflects the 
faster falloff of gas temperatures in this region. As noted in 
Section 4.0, the higher surface/volume ratio in lower containment 
regions causes the postburn temperature to decay faster in those 
regions. Therefore, less burn damage would be expected in lower parts 
of the containment than in upper regions. 

Temperature prof;"cs through three slabs at 8 sec after burn initi­
atio~ are ~llustrated in Figure 5-2. As indicated by the curves of 
Figure 5-2. thin sections are heated to higher temperatures than thick 
ones. Large temperature gradients can develop in wood, but in steel 
the heat flux is too low to cause large gradients. A temperature drop 
of approximately 500 F is experienced across the paint [0.25 mm (0.010 in. 
thick)] at 8 sec, illustrating its low thermal conductivity compared to 
steel [0.26 W/m·K (0.15 Btu/hrOF ft) versus 45 W/m·K (26 Btu/hroF ft)]. 

These calculations are presented to illust~ate important aspects 
of transient heating of materials exposed to hot gases. The predictions 
would have been more accurate if the following heating/cooling effects 
had been accounted for: 

• Heat transfer effects due to condensation of water 

• Heat transfer effects due to evaporation of water 

• Energy absorption due to pyrolysis of heated materials 

• Energy absorption due to phase changes of heated materials 

• Energy addition due to combustion. 

5.4 DISCUSSION OF OBSERVED BURN DAMAGE 

A first generalization that should be stated is that overall, ~ittle 
apparent damage to the containment was caused by the hydrogen burn. 
Massive structures appear largely unaffected; noticeable damage is con­
fined to thin organic-based materials, such as plastiCS, paper, and 
wood. 
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The effect of elevation in the containment is illustrated in Fig­
urp5 53 and 5-4. The telephones shown in these two photographs are 
from elevations 347 and 305, respectively. The significantly greater 
damage at 347 is consistent with the higher gas temperature history 
(time and temperature) at the higher elevation. Note that the cord on 
the telephone at elevation 305 (Figure 5-4) has suffered damage, indi­
cating that an appreciable temperature spike occurred at that level. 
Also note that the section of the coiled cord on the table adjacent to 
the phone in Figure 5-3 appears to be undamaged, except for slight 
scorching at the top of each co11. This demonstrates that temperatures 
are lower where convection currents are minimized and the heat-transfer­
surface-area to gas-volume ratio is high. 

Discussions with TMI personnel have indicated that burn damage 
appears to vary with the angu-Iar position in the containment at eleva­
tions 305 and 347, with least damage bein9 seen on the westward side. 
This observation is explainable in terms of wetness in this region. 
Steam released from the PRV apparently entered upper containment volumes 
through the open stairway (No.1) located on that side. The steam left 
the RCDT in a saturated state and would have wet cool surfaces by con­
densation. Indeed, temperature sensor 13, which is located in the 
vicinity of the stairway, end sensor 6, which is located at the west 
end of the air cooler, exhibited significant subcooling after each PRV 
closure. This subcooling is indicative of a condensed water film depos­
ited during steam discharge periods. Because liquid water would sup­
press temperature rises of materials, burn damage would be a strong 
function of local wetness. Generally, the region near the No.1 stair­
way (west side) would be expected to be most protected by water, and 
this is consistent with the observations. 

Figures 5-5 and 5-6 illustrate local damage effects that are con­
sistent with expectations. In Figure 5-5, wooden scaffolding boards 
(at elevation 347) are shown from below, and indicate a minor degree of 
charring. Tape that held the plastic protected the wood, leaving the 
unburned marks. In Figure 5-6, a manual is charred mainly on upper 
parts which were exposed to hot gas. The lower part, which was in con­
tact with a steel box, apparently suffered less damage. Both of these 
examples are consistent with heating over a brief time period. 

Mechanical damage caused by the pressure pulse was minimal. How­
ever, as shown in Figure 5-7, 55-gal drums were partially collapsed by 
the external pressure. Two of the drums suffered little distortion, 
and it can be concluded that they were either full or not sealed. Also 
shown in Figure 5-7 is an air duct which was not damaged by the pressure 
pulse. Numerous other pictures of air ducts are shown in Reference 6 
and in no case is observable mechanical damage apparent. The drums 
were not damaged predominantly on one side or tipped over by the pres­
sure pulse. This drum damage and lack of duct damage is consistent 
with a pressure pulse that developed over seconds (i.e., from a defla­
gration) but is not consistent with the passage of a detonation wave. 
This supports the view that a detonation did not take place in TMI-2. 
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FIGURE 5-3. Close-up of Bell Telephone. 

FIGURE 5-4. Gai-tronic TRlephone and Elevator Door. 
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FIGURE 5-5. Scaffolding. 
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FIGURE 5-6. Charred Manual Lying on Top of Electrical Box. 
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FIGURE 5-7. Fifty-Five Gallon (0.21 m3) Drums Between Enclosed 
Stairwell and Air Duct. 

In summary, the burn damage observed in post-accident entries 
appears to be fully cunsistent with expectations based on the burn 
scenario described herein. Key aspects follow. 

• Higher temperatures would be expected in upper containment 
regions because burn efficiency was highest (radiant preheating 
in open volume, slightly higher hydrogen concentrations, more 
turbulent mixing) and cooldown w~s slowest (lower heat transfer 
area to gas volume ratio). 

• Thin plastics, paper, wood, and plastic or rubber electrical 
insulation would be most susceptible because of the heat trans­
fer characteristics of these materials and their ability to 
char or ignite. Thick sections of these materials would be 
much less affected. 

• Surfaces wet by steam condensate (west side) would not be 
much affected because of energy absorbed by vaporization. 

• Local geometries that would inhibit convection currents or 
cool the gas locally would minimize peak temperatures reached 
in the materials. 
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• Combustible materials, such as paint, in close contact with, 
and particularly when bonded to, good heat conductors should 
not have been significantly affected by the burn transient. 

• The thermal transient resulted from a general burn of hydrogen, 
not a detonation. 
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6.0 POSTBURN HYDROGEN 

The calculations discussed previously indicate that there was 1.1% 
hydrogen remaining in containment after the hydrogen burn. Most of 
this was probably in compdrtments below the 305 elevation floor, but 
would disperse rapidly. The pressur~ spike, indicated by the OTSG B 
pressure data at 13:50:41, appears to have been due to a relatively 
large afterburn below the 305 elevation floor near the east side of the 
containment. The pressure impulse affected the OTSG A pressure, 
measured about 30 m (100 ft) west of OTSG B, as a delayed wave. This 
delay should be expected since the D-rings and a number of compartments 
separate the two reference pressure sensing points. 

At 14:01 the PRV was again opened for a little more than 1 hr. 
This opening depressurized the RCS to its lowest pressure, about 
345 kPa (50 psi) lower than it had previously been that day. This 
caused an additional estimated 0.6% hydrogen to enter containment from 
the RCS. Bet~een March 31 and April 2, another 0.5% hydrogen was 
transferred to containment. The thermal hydrogen recombincr developed 
by Rockwell International started removing hydrogen from containment on 
April 2 at 15:30. A plot of its operation and additional hydrogen 
transfers to containment are indicated in Figure 6-1. Recombiner 
operation was terminated on May 1 after it had removed 56 kg (123 lb) 
moles of hydrogen gas [and 28 kg (61 lb) moles of oxygen gas] from 
containment, and the hydrogen concentration was down to 0.7%. This 
residual hydrogen was removed from containment the following summer 
when it was vented to the atmosphere. 

The quantities of hydrogen added to and removed from containment 
are summarized in Table 6-1. A calculated total of 229 kg (505 lb) 
moles or 459 kg of hydrogen gas entered and was removed from 
containment. Assuming, somewhat arbitrarily at this time, that 90% of 
the hydrugen was generated by the zirconium-steam reaction and 10% by 
rad-iolysis, about 410 kg or 205 kg (450 lb) moles of hydrogen gas were 
generated as a result of the zirconium-steam reaction. 

Since 1 mole of zirconium reacting with 2 moles of water liberates 
2 moles of hydrogen, 205 kg moles of hydrogen represents the oxidation 
of 102 kg moles or 9,300 kg (20,500 lb) of zirconium. The TMI-2 
reactor core contains a calculated 18,770 kg (41,300 lb) of zirconium 
cladding in contact with active fuel and about 23,600 kg of zirconium 
total. Therefore, the Lj~conium oxidized is equal to about 50% of the 
active fuel cladding ~eight or about 40% of the total zirconium in the 
reactor core. 
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TABLE 6-1. Containment Hydrogen Balance. 

Hydrcgen added 
Time 

Dry (%) 

03/28/79 
13:50 8.2 
13:52 
15:00 0.6 

04/01/79 0.5 

05/01/79 1.1 

07/80 

Total 

aFrom RCS. 

bHydrogen burn. 

kg 

370 

24a 

21a 

44a•c 

-
459 

Hydrogen removed 

Dry (%) kg 

7.1 319b 

2.6 112d 

0.7 28e 

459 

cFrom waste gas decay tanks and radio lysis. 
dRockwell International Hydrogen Recombiner. 
eVented to atmosphere. 

Hydrogen inventory 

Dry (%) kg 

8.2 370 
1.1 51 
1.7 75 

2.2 96 

0.7 28 
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APPENDIX 

CHARACTERISTICS OF A LARGE "CONSTANT VOLUME" 
HYDROGEN BURN 

In containment, a burn is considered to occur on a "constant volume" 
basis. However, if the burn occurs over a relatively long time (that 
is, many seconds), the burning of any single unit volume (i.e., I L or 
1 ft 3) occurs very rapidly and burns more on a constant pressure basis. 
Constant pressure burning is cooler than constant volume burning because 
of the "expansion-cooling" which takes place during the constant pres­
sure burn. In a closed system the energy difference between constant 
volume and constant pressure burning of a small volume of the gas goes 
into a slight compression heating of all of the remaining (burned and 
unburned) volume. Assuming no heat loss during the Three Mile Island 
(TMI-2) hydrogen burn, the initial unit volume, the middle unit volume, 
and the last unit volume to burn would have had the characteristics 
shown in Table A-I. 

The theoretical. constant volume, adiabatic end-of-burn temperature 
is 7600 C (14000 F). This temperature and the theoretical end-of-burn 
temperatures shown in Table A-I are higher than the actual temperatures 
were since heat was lost to walls and equipment during the burn. This 
was particularly true of the first unit volume to burn, since it had 
time (~12 seconds) to lose heat from its initial 5660 C (10500 F) temper­
atures, as the burn progressed and as compression heating occurred. 
The last unit volume to burn cooled at a much slower rate during the 
burning period since its temperature just before the end of the burn 
had heated (by compression) to only 1680 C (3350 F). Therefore the 
theoretical, adiabatic, temperature [8600 C (12570 F)] of the last unit 
volume to burn is probably only slightly higher than the actual temper­
ature. If preheating by radiant heat transfer is significant. the after­
burn temperature of the last unit volume to burn could actually be higher 
than the 8600 C calculated. The average containment gas temperature at 
the end of the burn calculated on the basis of measured pressure rise 
is 6600 C (120QoF). 
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TABLE A-1. Characteristics of the First, Middle, and Last Unit 
Volumes to Burn, Assuming No Heat Lost During Burn. 

Characteristic 

Pressure, KPa (psia) 

Volume occupied after compres-
sion of original volume 

Initial temperature, oC (OF) 

Temperature just prior to burn 
resulting from c(m~ression 
heating, 0C (OF) 1 

Temperature rise res~lting 
from burn, 0C (OF) 2) 

Temperature immediately after 
burning the specific unit 
volume. 0C (OF) 

Temperature at end of burn. 
after postburn compression 
heating, assuming no heat 
loss during burn. 0C (OF)(3) 

(1) T2 = (P2) KKI 
Tl PI 

First 
unit volume 

100 (15) 

1 

~;3 (128) 

!;3 (128) 

512 (922) 

566 ( 1050) 

862 (1583) 

Middle Last 
unit volume unit volume 

200 (30) 300 (45) 

0.5 0.333 

53 (128) 53 (128) 

122 (252) 168 (335) 

512 (922) 512 (922) 

634 (1174) 680 (1257) 

742 (1367) 680 (1257) 

T2 P2 P2 P2 
Tl = 1.118 foy' PI = 1.5; 1.21 for Pl = 2; 1.353 for = PI = 3 

C 
K = ~ - 1.38 for the wet, preburn containment gas C

v 
-

(2) (14000 F - 1280 F)/l.38 = 9220 F = 5120C 

(3) T2 [(1050 + 460)J 1.353 460 = 15830F = 8620 ( 

T2 [(1174 + 460)] 1.118 - 460 = 13670 F 7420 C 
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