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NEUTRO NIC ANALYSIS OF THE THREE HILE ISLAND 
U NJ.T 2 EX-CORE DETECTOR RESPONSE 
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ABS':'KACT 

A neutrcnic analysis has been made with respect to the ex-core 
neutron detector response during the TIH-2 incident. A series of 
transport theory calculations quantified the impact upon tne 
detector count rate of various core and downcomer conditions. ln 
particular, various combinations of coolant void content and spatial 
distributions were investigated to yield the resulting transmission 
of the photoneutron source to the detector. The impact of a hypo-
thetical distributed source within the downcomer region was also 
examined in order to simulate the potential effect of the release of 
neutron producing fission products into the coolant. These results 
are then offered as potential explanations for the anomalous behavior 
of the detector during the period of �20 minutes through �3 hours 
following the reactor scram. 
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I. INTRO DUCTION 

The Three Mile Island Unit 2 (TMI-2) reactor experienced an accident on 
March 2b, 1 9 7 9  which can most easily be described as a small break LOCA ( loss 
of coolant accide nt). To summarize the now familiar accident sequence in a 
brief manner, the inadvertent loss of steam generator feedwater initiatecl a 
turbine trip and subsequent reactor scram. The continued addition of energy 
( via decay heat) into a system which had essentially lost its heat sink, led 
to primary coolant overpressurization. A reli ef value opened, properly, in 
order to vent the excess steam and depressurize the primary loop. This valve 
failed in the open position - thus the small break LOCA. Further events in 
the short term, in particular operator actions, did not significantly alter 
the fact that the system would continue to depressuriz"' and lose great 
amounts of the coolant inventory through the failed valve. The result was 
core uncovery for a short period of time, along with time dept:ndent voidi ng 
and varying water level conditinns, specifically within the cure and do��
comer. A more detailed accounting of the accident progression can be found 
in Refs. 1-3 .  

During this time period the ex-core source range neutron detector was 
exhibiting a nomalous count rate behavior. Conjecture following the accident 
was that one possible explanation for the detector's response would be the 
changi ng coolant co nditions in the downcomer and core regions. With this 
hypothesis in mind, a series of neutronic calculations was performed in order 
to quantify the effects of various pot ential coolant configurations. The 
interplay of the downcomer water condicions (which acts primarily as a shield 
to the detector) and the core coolant state (which determines the photoneu
tron source and the neutron multiplication factor) will Identify those 
configurations which can lead to significant ab normalities in the detector 
response. 

This report summarizes the work concerning this subject which occurred 
during a brief period in late �ummer of 1979 . At that point in time, a very 
small data base existed from which useful conclusions could be drawn. Due 
to the nature of the accident and the obvious public concern, timely results 
were of the essence. As such, total consistency amongst all of the items 
addressed in the results section of this report was not practical. For 
example, mid-way through the analysis a modeling improvement was made. 
Rather than recreating a consist ent set of results which incorporated t�is 
improvement, its effect was quantified, acknowledged and the progression of 
calculations continued with the base model now being the improved v�rsio n. 
Time constraints precluded any other approach. The impact, however, is not 
detrimental either to the determination of global trends or the isolation of 
those conditions which would prorluce the most significant detector effects. 

A. Calculational Methodology 

The TMI-2 reactor was modeled in the radial direction out to, and 
including a portion of, the concrete biol.ogical shield. The source range 
detector is located upon the inner surface of this biological shield at the 
axial midpoint of the a�tive core. Inasmuch as axial effects are of second
ary importance, the model included only a homogenized region of upper and 
lower intern als to act as buffering zones above and below the active core. A 
vacuum boundary c ondition was applied to these external boundaries: its 



effect upon a more exact solution of the detector response is negligible. 
Due to the presence of a large air space between the reactor vessel and the 
detector, it was necessary to utilize a transport theory solution, specif
ically via the DIF3D4 code. In view of the fact that large portions nf the 
ex-cor� structures are modeled, this RZ mockup has much larger mPmory and 
running time requirements than for the more typical core only calculations. 
In particular, a 100 x 90 mesh interval grid was necessary in order to 
mitigate substantial ray effects and, more importantly, mesh £pacing induced 
instabilities. Thus with running time constraints in mind, the transport 
theory solution utilized only an S4P0 approximation. Additionally, the 
en�rgy range group structure was limited to two groups. 

The use of a two-group cross section set was not significantly detrimen
tal to the purposes at th!s work. Some degree of accuracy is lost of course, 
however, in an LWR environment, it is rel�tively mlnor. Moreover, the source 
range detector is a BF3 proportional counter - its response depends upon the 
thermal neutron induced B10 (n,a)Li7 reaction which occurs ten times more 
of ten than all other reactions combined. The impact of error9 in the fast 
and resonance range of the neutron flux solution is therefore minimized. 

Th� two-group cross section set (thermal cutoff at 1 . 855 eV) was created 
via pin-cell calculations with EPRI-CELL.5 Isotopic cross sections were 
generated for each of 5 distinct void fraction levels (i.e. O.U, 0.2 , 0 .4, 
G.7 and 1 . 0) in order to facilitate re0re accurate calculations of the par
tially voided portions of the core .. During the first -2.8 hours of the acci
dent, there was only a small potential for significant core material movement. 
Therefore, a nominal intact geometry pin cell calculation is generally 
accurate during the the initial phase of the accident, especially until about 
2 .8 hours after the reactor scram. After this time, the core is hypothesized 
to be partially intact and partially damaged in some unspecified geometry; 
however, a regeneration of cross sections to model this departure from 
nominal geometry was not attempted in this study. 

The neutronics model within DIF3D is one of homogenized regions: each 
distinct core region of interest is �homogenization of fuel, clad and 
coolant. The calculation, however, retains a pin cell quality due to the 
spatial and energy self-shiElding characteristics which are inherent to the 
microscopic cross sect1ons 1ria the EPRI-CELL generation. As a result, the 
homogenized DIF3D run is an adequate approximation to an explicit whole core 
pin cell calculation. Thi>; procedure was benchmarked against both the TMI-2 
FSA_R. and ANL PDQ? runs anr', sho\·m to be quite accurate in reproducing global 
effects - those effects w:1ich will determine the detector response to 
abnormalities within the ��ore aPr! down comer. 

B. Source Definit:l.on 

Followiog the successful scram of the TMI-2 core, there remains several 
low magni�uae neutron sources which will be multiplied, diffuse, and eventu
ally create reaponses within the source range detector. These sources are 
identified and quantified for inclusion within the transport calculations. 

Sp�ntaneous fission occurs in, primarily, the built up inventory of 
240Pu and 242Cm. !he inveP-tory is quite small, however, due to the fact that 
the ;·�-:ident occurred at approximately only 60 effective full power days of 
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operation after the initial loading. This source, as calculated vi a th(' 
ORIGEN codeb (point depletion, buildup and decay), amounts to only -5.4 x 

lOb n/ sec-core. 

A second neutron source results from the interaction of alpha particles 
with oxygen: ltlo + � + 21Ne + n. Several isotopes undergo a-decay: >98% of 
the u emissions in TMI-2 occur in 23t1Pu, ZBpu and 24 0Pu. The result ing 
tot al neutron source from a-n reactions is -1.22 x 1u7 n/sec-core. 

There are two discrete startup sources in the TMI-2 core: they are 
rel:>orted to be standard Am-Cm-Be type with an initial strength of 1.4 x 
lU� n/sec apiece. At the time of the accident, the stren�ths dre down to 
-lu" n/sec each (see Ref. 7), yielding a total of -2 x 10 n/sec-core. 

A major source during the short term is the decay of the full power flux 
level and delayed n eutrons. At shutdown, the average total flux levt'l is 
-2.8 x 1014 n/cm2-sec. Using a 6-group point kinetics approximation and a 
very conservative value for the shutdown keff (0.98 as opposed to the 
n ominal value of 0.92), the full power flux level and delayed neutron level 
falls to a bout 1000 n/cm 2-sec in 30 minu tes. [For comparison , ou ext ern al 
source of 2 x 109 n/sec will produce a flux level on the order of 
-105 n/cm2-sec ( Ref. B)j. Several minutes later, this value is totally 
negligible. This source, therefore, is of little consequence during the 
time frame of interest. 

The last neutron source of any conseq uence is that from photoneutrons. 
Gamma interaction with the trace amount of deuterium in thE• coolant ( D/H "' 
ll.UU015) leads to an D( Y, n)H reactic.�. Due to the massive amount of H20 
present, this trace react ion produces a sizable ne•;tron s.".1rce. One esti
m ate based upon order of magnitude assu mptions fr.- 1 hour after SCRAM is 
1010 n/sec ( Ref. 7). A more accurate estimate �as made by combining the 
explicit y emission spectrum and rate from an O.RIGEN calculation with the 
physical constants of tne system: D fraction in HzO, fraction of released 
y's which are a6sorbed in HzO (12.6%, see Ref .  9), the (y,n) cross section 
for D, etc. The result is the time dependent photoneutron emi ssion curve 
depicted in Fig. 1. In this case, the estimate at 1 hour a fter scram is 
-1011 n/sec. As can be seen, there ls a considerable time variation during 
the period of interest: from 1/2 hour to 3 hours the photoneutron emission 
rate decreases by a factor of 4.5. 

To summarize the neutron source definition, it appears that all sources 
are negligible with respect to the photoneutron and start-up sources. 
Between these two, the photoneutron source dominates for about the first 
12 hours after the scram. Subsequent decay of the 1 emitters then leads to 
the start-up source providing a "base level" below which the neutron source 
will not fall. A numerical summary is provided below in Table I. 

It should be emphasized at this point that the precise value of the 
photoneutron source is of secondary importance when compared to establishing 
the time variation and the order of magnitude estimate for the source. In 
the first place, it was necessary to identify the dominate neutron source 
within the system: Table I clearly displays that the photoneutron source is 
t he controlling n eutron source during the short term. Secondly, th� cime 
variation of this source indicates that it will dominate for several hours. 
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Fig . 1 

Estimate of Photoneut ron Emission 
Rate Following 8CRAH 

TABLE I. Neutron Sources Following SCRAI'I 

Source n/sec Comments 

Photoneutron 2 X 10 ll + 4 X 10 l Q (1/2 hour to 3 hours) 

Start-up (Constant with T��) 

Delayed Neutrons Negligible after 30 minutes 

a-n (-Constant during first 10 hours) 

Spontaneous Fission (-Constant during first 10 hours) 

Therefore, the analysis concerning the first few hours after the scram can be 
based upon this source alone. Further, the exact count rate of the detector 
is never inferred from this analysis, rather the relative change in the 
number of detector absorptions is utilized. Thus, the impact of the exact 
magnitude of photoneutron source is minimized. As a consequence, a mor;-
precise estimate of the source is not required. 

c. Calculational Model 

The simplified geometrical and material layout of the TMI-2 calcula
tional model is described in this section. It is e1�sentially identical to 
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t!1e s t andard i z ed model utilized by the Nuc lear Safety Analysis Center ( ope ra
·.ed by the Ele ctric Power Research Ins titute) during 1979. An RZ map and 
dimenions are provided in this section. The more de tail ed number dens ity and 
vo lume frac t ion i nturmation i s  presented in Appendix A. ln order to put t he 
following into perspective, a scale drawing of the near core structures is 
provided in Fig . 2. 

- ---------;- ---
• .. : .. ...-:. ' 

Fig. 2 

Geome try of THI-2 Reactor Out 
to the Biologi�al Shield 

As mentioned pr eviously, t he core zones are a homogenization of fuel, 
c lad and coulant. Mo re global ly, this homogeniza tion ext ends throughout the 
core to iuclude each of the J dis tinct bP.tches uf f uel: the result is a core 
material with an ave rage initial enrichment of 2 .57 wt . %  23�u. In anticipa
tion of the in troduc tion of a spatial void dis tribution , t he core · ,  �ivide d  
axial ly into 5 zones. The 12 foot high core has a l foot layer of upper 
internals above and a similar 1 foot laye r of lower internals below . In both 
cases, the internals are represented by an appropriate  mixt ure of coolant and 
s t eel . 

Adjacent to the core is a downcome r region which ext ends the entire 
axial length of the model, This region is a homogenization of the cor� 
barrel, wa ter gaps, t he rmal shield , c o re liner and t he downcome r regf.on 
prop?r . I t, like the cere , is divided into axial zone s in order to iacili
tate spatial studies. This region is -74% water and -26% s tainless steel, 
its  wid t h  is approximately 53 em (Ll i�.).  The reac tor vessel is next , 
co nsis ting of ca rbon steel and being �1 em thick (8-J/8 in .).  These two 
regions alone accoun t for the bulk of the s hielding of t he source range 
detector from core neu trons . 

The biologi cal concrete s hield s urrounds the reactor vessel at a 
distance of 1 1 2  em (3.8 feet). Its nominal t hicknes s is  4.5 feet, howeve r ,  
0r.ly several mean-free paths of material is modeled i n  orde r to provide a 
:,uf ficient bound ry condition.  Upon thi s shield is the source range de tector . 



figure 3 il lustrates the full RZ calcula tiona l  layout with appropriate 
dimensions; al s o , a de tail ed expans ion of the de tector a rea is de picted in 
Fig. 4. 
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The photoneutron source was approximated by applying a uniformly distri
buted volumetric neutron source throughout the core. The nominal volumetric 
source strength was chosen to he 6.2 5  x 103 n/cm3-sec . With a core volume of 
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3.0tl26 x 101 cm3 , the inferred to t al p ho t oneutron sour ce is �1.9 x 1011 n/se c  · 

core. This value corres ponds to our es t ima te of ti� pho t oneutron s t reng t h  at  
about  30 minu tes af ter t he scram ( see Fig. 1). It is thus an adequate  ini t ial 
value, The time va r i a t ion of this c an bE:> eas ily facto red in when applying t h� 
resul t s  in part II to t imes other than tl.is .  Add i t ional l y , the nr�t;le c t  of the 
spatial distribut ion of the pho toneutron source shou l d  be a second-order 
ef fect due to the large mean- f r e e  pa ths of the high energy pho tons (>2.2 MeV) 
ne cessary to ini t ia t e  the thres hold D ( y,n)H react ion . The reduc tion of t he 
s ource s t reng t h  due to core void i ng i s  approxima ted by reducing the nominal 
val ue by the fac t o r  ( 1-v) , wi th v represent ing t he void f r ac t ion . 

It is also noted t ha t  the RZ cal cula tional model ne cessarily yi elds ,.Jn 
annular de tec tor region rathe r than t he actual disc r e t e  cylindrical shape. 
Thus , the re sults sect ion wil l  quo t e  de tector abso r p t ions which are too 
la rge by a factor equal to the ratio of the volumes of the cal culat ional 
model de tector and t he actual de tect or. This ratio is approxima tely 201.6. 

I I. RESULTS 

The re sul t s  of v a r iou s static  cal cul a t ions are prov ided in this part. 
When significact m�del changes are introduced , they wil l  be highligl1ted. 
If  not ment ioned, t hey wi l l  have failed t o  have an appreciable impact upon 
t he detector response . 

A. Homogeneous Voiding E f fects  

One of the mo re s t raightforward e f fects  of the ac cident is the i n i t ial 
p hase when the sys t em was depressur i z i ng during con t i nued heat input vi a 
decay heat . There exi s ted a sizable po t ent ial for the forma t ion of rel a t ively 
homogeneous voids within the primary l oop. lfp to  the point of  pump cav i t at ion , 
or de-e:,e rgization , t he flu;.d would be rela ti.,e l y  uni f o rm in nature both i n  
t he core and down come r. In order to quant i f y  the inte rplay o f  the core 
voiding and t he downcome r voiding e f fec t s , a sequence of homogeneous void 
cal cula tions was c reated . 

The reactor sys tem was benchmarked at  ke f f  equal t o  uni t y  wi�h the 
rods out and �1700 p pm of soluble boron present . (This leve l of soluble 
bo ron also account s  for the burnable poi sons , ��.4% 6k/k.) With the co�trol 
rods insert ed, again t heir worth was represented by bo ron , keff = 0.92. From 
t his assumed s hut-d own pos i t ion (wi t h  a tot al boron leve l of 2600 ppm) , cal
c ula tions were made containing void f r ac t ions of 0.2, 0 . 4 ,  0.7, 0.9 and 1.0, 
respect ivel y .  The void fract ious t.,.ere applied unifo rml y to t he core, d own
come r, uppe r and l ower internal regions. The sys tem e igenvalues are l i s ted 
i n  Table II and are also il lus trated i n  Fig . 5. Res ul t s  for the cases near 
lOU% void may be subjec t  to error due to the extreme na ture of the problem , 
however , the value of 0 . 313 for a dry core is cons i s tent wi th typical value s .  

As the core voids, t he photoneutron source decreases i n  s treng t h  
concurren t l y  with a n  increase o f  the leakage proba b i l i ty. More import antly , 
howeve r ,  i s  the los s  of "shielding" which occurs as the downcome r region 
voids. Even t hough the neutron source s trength is decreasing , t he transmi s
s io n  proba bi l i t y  ( i.e. to the dete ctor) is increas ing at a greater rat e . The 
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TABLE II. Homogeneous Void Resul ts 

Void Frac t ion keff 

Source �!eutron Abso rption 
Probability in De tec t o ra 

0 
0,? 
0 . 4 
0 . 7  
0 . 9  
1 .0 

0 . 9 2 0  
0 .9 1 7  
0 . 896 
0 . 7 80 
0 . 650 
0 . 3 13 

1 . 57 x 10-7 

6 . 34 x lo-7 

2,85 X 10-f, 

3 . 67  x lo-5 

2 .4 6  x w-4 
1 . 88 X 10- 3 

a
De tec t o r  Model - which is actually a ring 
around the ve ssel due to t he R: geome try , t he 
ra t io of actual d�tec t o r  volume to the model's 
volume is 4,9 61 x lo-3, 

10 20 30 40 50 60 70 80 
UNIFORM VOID FRACTION,% 

Fig . 5. Eigenvalue vs. Homogeneous Vo id Frac tion 
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result is a cont inual ly increas ing coun t rate . Figure 6 illustrates t he 
results  for the detector  abs o r p t ions (which , of course , are propo r t ional to 
the coun t r a t e )  vs . void f r act io n .  The calculation of a value for a vo id 
fraction nea r  l.U is not pH'sen t ed inasmuch as i t  woul d  be highl y spe cula

tive . !Th8t is , t he exa ct  value of t he total source strength is some combi
nat ion of ve ry  l ow order source s t re�g t hs once the predomi nate  pho tone u t ron 
source is es se nt ially eliminated , and is t he re f o re d i f f i cult to quant ify 
ac caratel y . j  As can be seen , homogeneous void ing can ac coun t for a maximum 
increase in the coun t rate of a f a c t o r  of about 40. The transmi ssion 
proba bility i s  de f i ned as the ra t io of the de te ctor  abso rptions and t he 
total neut ron sou r ce . This quant i t y  is shown in Fig . 7. 

� 0 1-u u.J 1-u.J a 

20 40 60 80 
% VOID 

Fig. 6 

Detec tor Abso rptions vs. 
Homogeneous Vo id Fraction 

B. Inhomogeneous Voiding Profiles 
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Transmission Probabil i t y  vs. 
Homogeneous Void Fraction 

The usefulnes s of the homogeneous voiding data is res tricted t o  the 
first �1-1/2 hours following the scram .  Following this time, var ious ini
tiat ing event s, primarily t he de-energization o f  t he A loop pumps, c aused 
s eve ral dive rse thermal hydraulic e f fects to occur: among t hem were tempo
rary f low s tagnation , vapor/fluid separa t ion , spat i al ly dependent voiding 
within the core , e t c .  This area of analysis is by nature much mo re specula
tive than in p a�t A. However, reasonable assumpt ions can lead to data from 
which general t rends and global e f fects can be q uant i f ied . The f o l lowing 



sub s e c t ions describe three separate void i ng model assump t ions which we re 
u t il i zed in orde r to ac compl ish this . 

1. ModeJ. 1 - 40% Maximum Void U p  to 

Boil-of f Interf ace , 100% Void Above 

Based upon various the rmal hyd raul i c  cons ide ra tions and the phys ical 
cons tan t s  ( specif ically pressure and tempera ture ) which we re present during 
t he 1-1/2 to 3 hour period following t he s c ram , it has been sugge s ted t ha t  
t he core could h:lVe created a "s table " void profile i n  the axi al di rection . 
That is , t he re would be enough heat generated to create and maintain a ce r
tain maximum void f r ac t ion level . In part icular , one hypothe s is is that t he 
void fract ion would inc rease from 0 . 0  a t  t he bot tom o f  the ac t ive core to 
-0.4 in about 2 to 3 feet . ( Model 1 u t i l i zed a linear rela t ion te rminat ing 
a r bi t rarily at 2 . 4 4  feet. ) Above this heigh t, the void f r ac t ion would rema in 
cons t ant  at this maximum value until t he boil-o f f  interface is encounte red . 
Above t hi s  inte rf ace , t he void fraction is assumed to bP 1. An additi onal 
and ext remely impo rtant feature of this model is that the downcome r void 
fract ion falls to zero a f ter pump shutdown . The 111ater level in t he downcome r 
i s  then dependent upon t he gravi ty head in the cor� . Due t o  t he presence of 
t he voids wi thin the core , the downcome r wa ter level is always l owe r than 
t he coolant level in the voided core/uppe r internals region during t his 
pe ri od ( i . e .  of l ow coolant inventory and absence of forced c i rcula tion) . 

The rela t i ve he ights of the downcomer and core regin�s we re adjusted 
in the cal cula tional model ( cons is tent w i t h  the above gravi ty h�ad cons t raint) 
so t hat di screte poin t s  duri ng a hypo t he s i zed boil-o f f  proc�ss could be 
cal cula ted . The resul t i ng count rat e s  a re once again , a5 during t he homoge
neous voiding process, a produc t of the int erplay of the changing source 
s treng t h  in the core and both the amoun t and the location o f  the s hielding 
provided by the downcome r water . Thi s  i s  best illus tra t ed by e xamining t he 
de te c t o r  absorption v s. downcome r wa ter level curve in Fig . 8. 

As the downcome r water level approaches the top o f  t he ac t ive core 
(12 feet), t he count rate increases only s lightly due t o  t he increased 
transmission proba�il i ty fo r the source which scatters and d i f fuses out of 
t he top of the core . The next point of interes t is  when t he downcome r level 
has l owered to a point of -7 . 7  feet; at t his point the gravi ty head of the 
nonvoided downcome r regi on exactly  mat ches t hat  o f  t he voided core. The 
de tector absorpt ions increase very rapid l y  over this range a s  the core 
oou r ce s trength remains essential ly cons tant while t he downcomer s hielding 
is remo ved. #hen the downcome r level lowe rs further, t he core water level 
now decreases o.r boi l s  off as it continuously  mat ches the gravity head of 
t he downcomer. The de tector absorpt io n  curve cont inues to rise, however ,  due 
to the fact that  the core source strength is decreasing in a l ow t"or t h  area 
( i. e. t he upper two f e e t  of the act ive core) while t he downcome r shielding i s  
being removed a t  t h e  point of its highes t  worth - near t h e  6 f e e t  level. 
( The Je tector is l ocated at the axial midpoint of the core - 6 fee t he ight.} 
Subsequent decreases in the water lev e l  begin to sut�tant ia l l y  decrease the 
s our ce st rength wit h  respect t o  t he benefi t of reduced s hiel ding: t he det ec
tor a bsorp t ion rate thus begins to dec re ase. The maximum/mi nimum count rate 
ratio for the model 1 curve is -320 . 

11 
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Fig. 8. Model 1 Detector Absorptions 
vs. Water Level 

In an effort  to verify that,  for example,  s ubtle mesh ins tabili tie s  
o r  ray effects we re n o t  disturbing t he S�P0 calcula tion, four sample calcu
lations were repeated utilizing t he VIM 10 Monte Carlo code . VIM has been 
s uccessfully u tilized in benchmarking an LWR lattice, 11 and more importantly, 
accuratel y removes those calcula tonal problems which are inherent in a trans
p o rt solution . Especially wi th respect to the large air gap between the 
ves sel and the de tector, the Monte Carlo solution is clearly superior .  In 
order to isola te s trictly calcul a t ional problems, t he t r ansport result was 
normalized t o  the VIM boron cross sect ion values in o rder to produce corre
sponding de tect o r  abso rption rates . The resul t s  are li s t ed in Table I I I . 

It can be seen that no appreciable problems are evident in the 
transport calcula tion . Indeed, cons idering the seve ri ty o f  the problem f r om 
a quadrature point o f  view, the comparison is exc�l lent . It appears from 
T able III  that the tr ansport model i s  of sufficient de tail to expos e  the 
p roper detector response trends to various core/downcomer conditions . 



TABLE III. Monte Carlo Bencht:�ark of Transport Tiuo: ory Sol,Jtion 

Sn ( x w-5) VIM (x liJ-5 )a Number of 
Core Water Downcomer Water Detector Abs. I De t ec tor Abs. I VIN-Sil v 1.'1 Histories 

Case Level (feet) Level (feet) Total Source Total Source Std. Dev. Eigenvalueb (Thousands) 

1 12.0 7.0 4.48 J.98 .t 6.4% .2.0 u. 91 Jb ''· 0023 llO 

2 9. 9 6.4 7.50 5.84 ± 6.9% 4. 1 u. 91i 5 ! U.0025 50 

3 4. 7 3. 3 8. 7 6 1>.65 ± 5.9% 0.2 U.llY6b ! U. 0030 55 

4 2.4 2.0 7.50 7.87 !: 4. b;� -1.0 0.1>475 ! O.UOHl 100 
a 

Track length estimator 

b 
Analog plus track length estimator 
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2 .  Model 2 - 30% Maximum Void Up to 
Boil-of f Inte rf ace , 95% Void Above 

The part icular assump tions in Model 1 are based upon sound engi neer
i ng judgme nt , but are none t he less a r bi t rary . In o rde r to q uantify the 
sensit ivi ty of the de tec tor  res pons e to variations in the maj o r  as sump t ions , 
t his second ( and s ubsequently a thi rd) model is int roduced . The maximum 
allowed void le vel is reduced to JU%: again the void f r ac t ion increases 
li nearly from U a t  the bot tom of the ac t ive core to  0.3 a t  a he igh t of 
3 feet.  The he ight of the boil-of f interface aga in depe nds upon the g r avity 
head of the down come r ,  howeve r ,  t he voided region above and/o r within t he 
core is assumed t o  contain s team and wa ter droplets , thus  t 'le 9 5% maximum 
void value above t he boil-o f f  interf ace . The calcula tional model's zone 
boundaries were adj u s t ed from t hose in Fig . 3 so that t he gravity head con
s t raint was satis f i er! at various downcome r/we t core region combinations . The 
photoneu t r on source is again pr opo r t ional to (1-v) ,  wi th v represent ing t he 
�o id f ract ion , and is spatially unifo rm in dis tributio n .  

A progre s s ion o f  cal cul a t ions 
was made in a s imilar manner to Sec t ion 
II. B . l  in which the water level was 
sequent ial ly l owe red in the Jown come r 
region - t he core level followed a t  t he 
appropr i at e leve l, The re sul ts a re 
depicted i n  Fig . 9, wh1ch also c�ntai ns 
the Model 1 res ul t s  fo r compa rison . 
The two curves are very s imila r until 
the point of c ore uncove ry is reached: 
apparentl y ,  to t he f i rs t orde r ,  t he in
c reased �ou r ce s trength in Model 2 i s  
roughly balanc ed by inc reased self
absorpt ion in t he water . Due tu t he 
lm�er void f r a c t ion , t he down come r 
gravi ty head cannot support as large a 
he igh t of core as its corresponding 
po int in model 1, t hus core uncov e ry 
o c curs at a highe r  downcome r leve l . 
Given ide n t ical downcomer heigh t s , 
Model 2 expose s  smaller axial por t ions 
o f  the wet core region ,* thus rela
t ively lowe r de tec t or absorpt ions 
de spite highe r  vo lume t ric photone u t rcn 
sources . Fo r example , when the down
c omer is at the 6 feet level , Mode l 2 
predicts that two f eet of wet core 
wil l be exposed t o  the de tec t o r  while 
Model 1 predi c t s  �3.3 feet . Al t hough 
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Fig. 9. Model 2 De tector Absorp tions 
vs. Water Lew�l 

Model 2 has a volumetric source s trength which is 16 .71. grea ter than Model 1 ,  
t he exposed area is 40% less; hence lowe r count rates . When the water levels 
are dec reased f u r t he r ,  t he second differenc� in the models becomes a pparen t . 
At very low wate r levels ,  the wet core source is of low worth and the dryed 

*For purposes of this discussion, the portion of t he core which cont ains 
significant amounts of water ( i . e .  v < 0.4) wil l be refe rred to as wet .  



out bulk of the core dominates the de tec t o r  res ponse. Model 1 ,  although at 
100% vo id , cont�ined a volume tric neu t r on source 1/100 of the nominal photo
neut ron sour ce in order to model t he s ta r t-up source, Model 2 ,  of course , 
has  an assu@ed void f ract ior. of 0 . 95 i n  t he d ryed out area: the source 
strengt h  is therefore 5% of nominal , o r  a facto r of f ive highe r than Model l .  
As a res ult , t he dete cto r  abso rptions are highe r for Mode l 2 a t  ve ry low 
water levels . 

The di ffe rence s between the two models , howeve r ,  are relatively 
small on a global basi s .  The de tector res pons e is not part i cularly sens i
tive to nominal s ized change s in the spe ci f ic assumpt ions . Fo r Model 2 ,  t he 
max/min count rate ratio is �225. This c ompares wi th a value of 320 wi t h  
Model 1 - a  de crease o f  30% wi th res pect  to Model 1 .  The d i f fe rence , howeve r ,  
i s  smal le r and less impo r tant  than i t  seems at f i rs t .  A s ignif icant po rt ion 
of t he shift ( ll% of t he 3 0%) is due so lely to the smal l di ffe rence in t he 
respe c t ive minimum val ues. This has li t t l e  consequence upon any conclusions 
conce rning t he �ore uncove ry process . Mo re importantl y ,  t hough, is the fac t 
that  global t rends are the des i red res ul t . It would be inappropr iate to 
cla im , fo r example , t hat t he core vo iding and uncovery process can produce a 
change in the count rate of a factor of s pe c i f ical ly 320 . I t  is qui te clear , 
how�ve r ,  t hat  this proce s s  can produce increases in excess of two orders of 
magn itude . This then, i s  the prope r way i n  which to view t he re sul t s. 

An interes t ing way be which co examine the impac t of t he exposed we t 
core i>. shown in Fig . 1.0 .  In i t , t he de tector abso rpt ions f o r  the two mode ls 
are illu s trated as a function of the di f f e rential be tween the downcome r wa te r 
lev�! and t he we� core level . The import ance of the loca t ion of the exposed 
we t c o re area is evident as t he ffiaximum de tector absor p t ions d oes not o ccur 
at the point of maximum exposed we t core . This figure also demons trates that 
the maximum amount of exposed we t core always occurs at  the po int of the 
initiation of core uncove ry. 

VI z 0 ;:: c... 0:: 0 VI co <l 
0:: 0 1-u Lo.J 1-Lo.J 0 

10
7 

10
6 

DOWtlCOMER AT 
MINIMUM LEVEL 

t:::.. MODEL 1 
0 MODEL 2 

Oil I> POINT AT WHICH CORE 
UNCOVERY IN1TIATES 

1 0
5 �-L�L--L--L-_L __ L__L __ L__ 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
DIFFERENTIAL BETWEEN CORE AND DOWNCOMER, fl 

Fig . 10 

Detec tor Abs o r p t i ons vs . Wet 
Core/Downcomer Water Level 
Differential 

15 



16 

3. Model 3 - 40% Maximum Void Up to Boil-off Interface , 9 5% 
Void Abov e , Axially Di s tr ibuted Photoneut r on Sour ce Utilized 

This third model combines what is conside red to be the two mos t  
likely aspects of t he previous mode ls: i . e .  a 4 0% maximum void leve l i n  t he 
we t core regions with a 95%  maximum void level in the d r i ed out regionR . 
The major di ffe rence is provided by t he replacement uf the spatially unifo rm 
d i s t ribut ion 01 t he photoneu tron sour ce with a more reali stic  axial l y  
depende nt sour c� d i s t ribut ion, The pho toneut run sou r ce wi l l , to t he f i r s t  
Fpproximation , fol low t he ftss ion product ( t hus powe r )  dis tr ibut ion . The 
r adial depe nde nce is neglected as i t s  effect  wil l  not alt e r  the cal cula ted 
t rends , only the absolute magni tude of the �ount rate . Howeve r ,  given t he 
result s of the f i rst two models which indicate a fai r ly sensi tive inte rplay 
of source s t reng t hs and wa ter levels,  it i s  pos sible t ha t  an axi ally 
dependent suutce could alt e r  the gl obal trends . It is this conce rn that 
predicates this third model, 

Model 3 has the void frac t ion increase l inea r l y  from 0 to 0 . 4 ove r 
t he lowe r 4 feet of the act ive cort! he igh t .  The cal cula tional mode l  zone: 
bounda ries in the co re and downcome r we re again adju s t ed so that the gravi ty  
head cons traint was satisfi ed . Phy sics calculations prov ided by  TMI-2/ 
Me tropoli tan Edi son pe rsonnel for t he co re as of Mar c h  1 9 ,  19 79 yielded t he 
predic t ed axi al powe r dis tribut ion . This powe r di s t r i b u t ion i s  the n  assumed 
to  be equal to t he f i ss ion produc t d i s tribut ion, anci t hus the photon source. 
The data U li s ted below in Table IV . 

TAiiLE IV . TMI-2 Axi al PoHe r Di s t r i bution 
Cente rline Fuel Assembly 

Core He ight Inte rva l  Powe r 
( fe e t) Level ( kW/f t )  No rmalized to 1 0 0  

0 + 1 .• 7 1  5. 38 8. 4 7  
1 .  7 1  + 3 .4 3  9. 14 14 . 39 
3 . 43 + 5. 14 10. 24 1 6. 1 3  
5. 14 + 6 . 86 1 0. 7 4  1 6 . 91 
6. 8 6  + 8 . 5 7  11.00 1 7 . 32 
8.5 7  + 10 . 29 10. 28 16 . 19 

1 0. 29 + 12 . 00 6. 7 2  10.58 

An inspec t ion of  a sample of  various o t he r  as sembl y  locat ions in t he core 
revealed t hat  t he centerline di s t r i bu t ion was fairly re presentat ive. The 
normali zed axial powe r  dist ributio� is il lus trated in Fig. 11 . This di s t ri
but rion was applied by r enorma l i z i ng it  to the total neut ron source which 
was assumed i n  Models  l and 2. Thus , in a nonvoided conf iguration , t he 
axially di s tribu t ed source would p r oduce the same t o t al number of pho t o
neu t r ons wi thin t he core as the unifo rm di stribu tion does. During voidi ng 
and s ubsequent d r y  out, howeve r ,  t he sources wil l differ as the void 
dependent term 1-v wil l  be ac t ing u pon di ffe rent local source strengt hs. 
The renormalized source dtrengt hs for a nonvoided configuration are l i sted 
in Table V. 
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T ABLE V. Axial ly Dep �nden t  Pho t o neu t ron Sou r ce 
Den s it y  for the Ca l cul a t io n �! Mod e l  

Cal cu la t ional 
Co re Re gion He igh t  

1 0 � 

2 l. 71 .. 
3 3 .4J � 
4 4.00 � 

5 5.14 � 
6 6.86 � 
7 8.57 + 
l:l lU .2Y � 

\ 
124413 4�� 11o 12 

l1 I I I I I 

(f eet ) Axial ly 

l. 71 
3 . 4 3  
11.00 
5.14 
6.86 
8.57 

lU .29 
l�.UL1 

f MODEL I CORE BOIL OFF INTERFACE LEVEL !FEET) 

171 
1� r � '? 1f 
MODEL 3 CORE BOIL ·OFF t;HERF..,t LEVEL I FEET! 

I� � 

MODEL 3d� 
MODEL I 

S o ur ce Density (n/cm3-sec) 

Dep e nd e nt ,  X 103 Uniform,  

4.60 h.25 
7.UU 6.25 
7.44 6.25 
7.44 6.25 
7.35 6.25 
7.22 6.25 
6.52 6.25 
3.63 6.25 

X 103 

i 107 
<D 

Figure 12 il lu s t r a t e s  t h e  res ul t s  of 
Mod e l  3. The m i no r  d i f ferences f r om 
Mod e l  1 are rela t iv el y  easy to ex
p l a i n . The lower v alues during t he 
in i t ial lowe re rin� of t he downcomer 
l eve l arc d ue t o  t he impo r t ance of 
t he source in the uppe r region of t he 
co rQ. Due to t he axial d i s t ri b u t ion, 
i t  is l owe r wi t h  respe c t  to t h e  uni
f o rm d is t ribu t io n .  On ce the middle 
p o r t ion of the we t co re be come s 
expo sed , t he advant age s h i f t s  to 
Mod e l  3 a s  t he high e r  sour ce dens i t y  
regions in t he cen t e r  area lead 
d i re ct l y  to higher coun t rates . The 
higher de t e c t o r  abs o rp t ions at v e r y  
l o w  water leve l s  i s  a re s u l t  of t he 
a s sump t ion of a maximum void f r ac t i o n  
of 0.95 i n  the d r ied o u t  po r t ion of 
t he core . This higher pho toneu t ron 
source wi th re s pe c t  t o  Model 1 make s 
u p  for the fact t h a t  the Model 3 
source in the l owe r core re gion i s  
smal ler t han i n  t h e  un i fo rm d i s tr ibu
tion . The co un t  ra t e  max/min for 
t h i s  model i s  �300: t he conclus ions 
me n t i oned i n  Se c t i o n  II.B.2 conce rn
i n g  two o rde rs of magn i tude increases 
i n  the coun t rate due t o  core un cov
e ry a re s ti l l  v al i d . 
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F i g .  12. Model 3 De t e c t o r  
Abso rpt ions v s .  
Wa ter Lev e l  

c. In t e rmediate Range De te cto r Re s po ns e  

The i n te rmedi a t e  r a nge de t e ct o r  has a cons ide rab l y  d i f fe re n t  geo me t r y  
from the sour ce range de tecto r. I t  has a 4-i n .  lead s hi e l d  a s  op pos ed t o  
2-in. and its acLive he i ght i s  14 in . r a t he r  than 26 i n .  The diame te r  o f  



the BF 3 zone is the same as the source range de tector . As a resul t , the 
above changes effectively move t he centerl ine of the detector 2 . 1 in . closer 
to the re actor vessel . In cons iderat ion of the possibili ty that the dif fer
ing geome try  could yield a n  al t e red response , f ive cases we re re calcula ted 
u t ili zing Node! 3 assump t ions wi th the source range detect o r  replaced by the 
i n termed iate range ge ome t ry .  

The f ive resul t ing data rnints  ar e s lwwn o n  Fig . 12 . As is expected 
f r om t he presence of increased shielding f r om t he lead and the de crease in 
act ive de tector vo lume , t he coun t rates decrease wi th respe c t  to t he original 
Model 3 resul t s .  Incide n tl y ,  the decrease is by almos t a unifo rm amount of 
-40% . No s urprising t rend s  or variat i o ns are evident f rum this pe rmutation 
of the de tector geome t r y .  In add i t ion t o  indicating that the intermediate 
range de t e c t o r  should res pond in a s imi.lar manne r as the sour ce range de tec
t o r  does , t he resul t s  ind i cate  t hat the ba sic Lloba l  trends are not acutely 
de pendent upon the s pe c i f i c s  of the d� tector  model . 

D . mpdct  of Downcomer Bypass Region 
and Released Source in Downcorue r 

�No relatively s t raightforward permutat ions are addressed in this 
section . Firs t ,  the do�tcomer region is spli t into 2 radial zones : the 
inner z one is allowed to f. ollow t he core void f raction and height . The 
se cond ef fect is the impa :t  upon de tector res ponse which a d i s tribu ted 
source wi thi n the downcome r region has . 

1 .  Effect of a Spli t Downcomer Region 

It  has been pos tula t ed that the bypass region of the reactor would 
rece ive su f f i �icnc heat that it would follow the co re coni igur ation rather 
than the do\o:ncomer . Up to this point , t he bypass region ha,; been lumped 
toge the r wi t h  the othe r  regions bet"Ween the reactor and i ts vessel . Thus a 
massive cal cula tional "downcome r" regi on . In this illodel , the bypass region 
( radius of 1 6 3 . 8  T 17 9 . 1  em) is al lowed to exhibi t the void f rac t ion and we t 
level of t he core . The ou t e r  do�1come r ( radi us of 1 7 9 . 1  T 2 1 7 . 2  em) act s  as 
i t  did previously. 

Resul t s  for this cal cula t ion are shown in Fig . 13 . Basically , the 
bypass region acts to shield the exposed area of we t core as i t  follows i ts 
level exactly and coun t rates are decre ased ove r the ent ire curve wi th 
respect  to Model 1 .  The exception is when the downcomer is completely filled 
and t here is  no exposed we t core to shield . In this case , t he voided bypass 
region increases transmission slightly and the refore increases count rate s .  
The approximate max/min is  reduced t o  -7 5 .  

2 .  Effect of A Hypot he tical Source Within the Downcomer 

There exi sts the pos s ibility that following core uncove ry , fission 
product s  became distributed within t he downcomer water as a result of global 
fuel pin failure via clad oxidation and embri t tlement . Fission products 
wi thin the downcomer water would cause phot oneutron sources which are signi
ficantly more effective wi th respect to detector absorption than those within 
the core . The magnitude of the source , however ,  probably would not be that 
large wi th respect to the total core source . For example , the combination 
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of as sumed f ission product •elease frac t ions and subsequent dilut ion wi thin 
t he coolant inventory could easily reduce the potential source to <<10% of 
the theore tical core ma.ximum. Wi th this in mind , the potential effect ive
ness of a neutron sour ce within the downcomer \<Tas quanti f ied by placing a 
uniform distribution of the nominal pho toneutron source at arbi trary value s 
of 1% and 2% of the full s trength value . 

The effect of this source is seen in Fig . 14 as the above mode l 
of Sect ion I I . O . l  was utilized . When the downcome r is relatively full and 
subs tantially shielding the core , the newly placed source has a signif icant 
impact upon the count rat e .  With the downcomer fully fil led , the count rate 
is  increased by factors of 4 and 7 ,  res pectively , wi th respect  to the resul t s  
wi thout a downcomer source . As the we t core is exposed , •-he source from t he 
core outweighs the source from the downcomer .  At the po int of 'core uncovery 
( d owncomer at 8 feet ) , t he count rates among the three cases are within -20% 
of each othe r .  After f urther uncovery , t he 3 curves merge . The effect of 
the downcomer source is primarily to al ter the minimum count rate : thus the 
max/min ratio for the 1 %  and 2% cases are merely -14 and --6 ,  respect ively . 
The maximum value is l e f t  unchanged .  
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I I  I .  SUHMARY 

The resul t s  in pa r t  II quan t i f y  e s tima tes of the de tector  count rate 
changes  which can be expected f r om various combinat ions of wa ter condi t ions 
wi thi n t he core and downcome r regi o1 . s . They wil l now be linked to  the actual 
response of the de tector  in orde r t o  provide pos s l �le  inte rpretations for t he 
anoma l ous  coun t  rate behavior . Figure 1 5  i l lus trates the TMI-2 source range 
de tecto r ' s  response up to four hours f ol lowi ng t he scram . 
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Fig . 15 . Ex-Ves se l  Source Range De tector Res pons e : 0 + 4 hours 

A. Pe riod of Approxima te Homogeneous Voiding (0 to l hour 40 minutes ) 

4 

The anomal ous behavior is initiated at �30 minu tes when the detector 
coun t rate ceases a normal monotonic descent and s tarts to slowly increase . 
The subsequent period of relatively gradual increases ends abruptly at  
�1 hour 40 minutes . Dur ing this time period , the prim�ry sys tem is depres
surizi ng and los ing coolant through the failed block valve . Excessive pump 
vibrat ions lead to t he de-energization of the B loop pumps at about �1 hour 
and 14 minutes , t he A loa� pumps at -1 hour 40 minutes ( e ach loop has 
2 pumps ) . The combi nat ion of pressur e , heat source , lack of heat sink and 
low coolant inventory c ould have led to the ini tiat ion of voidi ng wi thin t he 
core . As t ime progres sed , the voiding could have spread throughout th.� 
entire primary loop . The driving force of the pumps would have tended � o  
maint ain fairly uniform void profiles wi thin the sys tem , s pe cifically wi thin 
t he core and downcome r .  Therefore unt il the f inal pumps were de-energized , 
an approximate uniform void condi tion could have begun wi th gradually 
increasing void content wi th respect t o  t ime . 



The m�x imum c h ange i n  c oun t rate uve r t h i s  period of t ime i s  approxi
ma t e l y  2 f a c t o r  of 15 i n c rease ( 6000/400 = 1 5 , see Fig . 1 5 ) . The resul t s  
f o r  homoge neous vo i d i ng i n  S e c t ion I I . A  i nd i c a t e  that a maximum i ncrease in 
L he :ount rate of a fac t o r  of �40 coul d be expe rienc ed i f  t he v o id fract ion 
i n c r� ds e d  f r om 0 • 0 . 9 � . Howev e r ,  a v o i d  f r ac t ion of 0 . 9 5  woul d have be e n  
d i f f ic u l t  t o  a c h i e v e . Pump cav i t a t i o n  is p r � d i c t cd : o  o c c u r  n e a r  -6 0% vold 
c on t e n t . Co r re s pond l y , t he c x c L ' ' S i ve pumr v i b ra t ion wh i ch re - · t l t ed in t he 
d e c i s i on to de-e ne rg i z e  t he la s e  remaining c oo lant pumps w a s  i nd i c a t ive o f  
pump c a v i tat ion . The re f o r e , a mo re rea l i s t i c prt:!d.!. c L io n  o f  t he max i utum 
i n� rea s e  in count r d t e w o u l d  be the change d ep i c t ed i n  Fig . 7 be twe e n  a void 
: on t e u t  of 0 a nd ---6 0 ::; : a n  i n•: rease by a I a c t u ::- of -:w is p r ed i c t ed . Pho t o

n e u t r o n d e cay ov e r  t h i s  t i me pe c i o u  woul d r e d u c e  t l , i s va.lue to - l l ( ;; ee 
F i. g . 1 ) . Th i s  v a L  .. e dt:: mo us t c a t e s  t h e  C l c: d i b i l i t y  o i  t he homogeneous v o id i ng 
s •: e na r i u  o v e r  t h i s  t ime pe r i od " s  i t  compare s f a v o r a b l y  w i t h  t r e  ac t ual 
1nc r e a s e  of a fac t o r  u f  � 5 .  

I L  Pe r i od of Inhomoge neous V o i d i ng aud Coo la n t  
Lev L l Irregul a r i t ie? ( > 1  hour 4 0  mi nu t es ) 

F o l l owing t he de-e ne rg i z a t�on of the l a s t  rema i ning p umps at 1 hour 
4 0  m i nu t e s , various eve n t s  dur ing t he next few hours l e ad to i nhomogeneous 
v o i d i ng a nd rap idly chang i ng wa t e r  leve l s . The mo re obviou;; ini t iat ing 
eve n t s  are t he re s t a r t i ng of pr imary l oo p  pumps or a c t ua t i o n  of t he ECCS -
bo t h  p r o vide rapid i nf l uxe s of water to t he downcome t :md c o r e . Nore sub t l e  
c h ang e s  al so impact t h e  de t e c t o r  res pons e :  block val v� r e c l osure , p J s s ib l e  
c o r e  r e a rrangeme n t , s p a t i a l l y  i nhr-.mogene o u s  v o i d �  ng , e t c: . Al l of t hese 
eve n t s ,  a n t !  po t t.:n t i a l l y  s ume as ye t ,_m s pe c i f i ed one s , i n t erac t ed t o  yield 
the a c t ual t ime depend e n c y  of the d e L ec t o r  res pons e .  The i nhomogene ou s  
v o i d i r�� :: c� s ul t s  � rom pa r t  I I . B and D a r e  now u t i lL ::ed to p r o v i d e  pos s ible 
i n t e r p r t: t a t l o ns of :: lle de t e c t o r  respo ns e af t e r  1 hour 4 0  mi n u t es . 

At t he time of the l a s t  A lool) pump d e - ·.:! nc rgizat ioa , t he count rate had 
reached a local maximum of ---60(..0 c .., s . There f o llows on F i g . 15 , a n  almos t 
immed i at e  d r o �  to t he m inimum value of 1 6 0  c p s  - a  f a c t o r  of 3 7 . 5  decreas e . 
This c a n  be expl a ined by cons ide ring t ha t  L he homogeneou s l y  vo ided coolant 
wou l d  unde rgo a p hase separation when t he pump ' s  d r i v i ng f o r c e  is elimina t ed : 
s o l i d  wat e r  would f al l  c o  f il l  t he downcome �- - t hus effec t iv e l y  shielding t he 
d e t e c t o r .  [ The decay o f  t he pho t oneutron s ource i s  neg ligi b l e  dur ing t l te s e  
f ew mi nute s , t hus value s need n o t  be c o r r e c t ed f o r  t ime e f f e c t s . ] The e f f e c t  
of i ns t an t aneous c o l la p s e  of a homogeneou s l y  voided core/d owncome r can b e  
e x t r a c t ed d i r e c t l y  f r om F ig . 6 .  

Howeve r ,  an ins t a n t aneous collapse i s  impos sible to achieve due to the 
pr e s s ure d rop wi thin the core : t he down come r ;;ould mos t  likely r e f i l l  prior 
t o  100% refill wi t h i n  the core . Thus , t he nonvoided downcome r wou ld be 
s h i e l d i ng t he detector f r om a core which had less of a p ho toneut ron source 
than t h e  ins t an taneous c ol l a pse model p r ed i c t s .  The result , of cour se , is 
lowe r count rates for a s ho r t  t ime as t he core comple te s  i t s  ref ill p r o ce s s :  
t h i s  r e s ul t s  in an i n crease in the e f fe ct ive count rat e reduc t i o n  factor f r om 
that value which would b·e predi c t ed v i a  t he ins t an taneous mode l . Viewed in 
t h i s  f as hion , it can be se� .l 'hat redu c t ion value factors ext r acted from 
Fig . 6 ( s ay ,  e . g . , 2 0  � 35 ) then compare f avorably Hi t h  the de tector de crease 
o f  �3 7 . 5 . 

23 



2 4  

The next por t ion o f  the count r a t e  response to b e  examined i s  the pe riod 
f rom t he minimum achieved count rate ( 160 cps at �1 hour 42 minu tes ) t o  t he 
point at wh ich t he B loop B pump was res tarted at 2 hour s  5 3  minutes . This 
period of time f i r s t  has a marked i nc rease in count rate  ove r a sho r t  t ime 
period ( i ncreases by a factor of 100 over �20 mi nu t�s ) and t hen , af ter reach
ing a maximum near t he 2 hour 2 3  mi nutes mark , decre ases less rapidly ( by 
only a factor of �2. 3 )  until  the poi n t  at which a B loop pump was res t ar t ed . 
This por t ion of t he curve i s  compared d i rectly wi th t he resul t s  dep ict ed in 
Figs . 8 ,  9,  1 2  and 1 3 ;  i . e .  Mode ls  1 ,  L and 3 .  

The accide nt , a t  this  point , was s t il l a small  break LOCA as the block 
valve was not re closed un til  nea r  the 3 hour mar k .  Wi th the absence of 
f o rced ci rcul a t i o n , t he decay heat was removed via natural circulation . 
Unf o r tunatel y ,  t here did not exi s t  a suff icient coolant inve ntory to accommo
d a t e  this  proc e s s  d ue to t he depressurization and s team venting . As a resul t ,  
cor� boil-of f mos t  proba b l y  ensued . The e f fect of this  par ticula r  process 
was quant if ied in the above ment ioned f igures : t he re sults have two salient 
features . Firs t ,  t ha t  t he downcome r level has the mos t  immediate and s ignif
icant impact  upon the detect o r  res ponse . [ All  of t he f igures reflect t his , 
howeve r ,  Fig . 1 2  wi l l  be utilized as a sour �e to provide q uantitative 
examples . ]  The downcomer level d rop s as t he core unde rgoes the •aiding p r o
cess . The coun t r ate increases , e . g . , by a f ac t o r  of �100 as the downcome r 
d rops j us t  3-1 / 2  f e e t  below t he top o f  t he act ive co r e . The total max/min 
f actor is 300. This il lus t rates that the pos i t ion of the downcome r can 
easily accoun t for the actual coun t rate response increase of a fac t o r  of 
I GO .  Specif ics o f  exactl y where t he downcome r wa te r level is wi t h  respect to 
t ime and coun t rate  is not feasi ble w i t hin the context of this  approximate 
wor k .  Howeve r ,  a l l  resul t s  clearly illus t r ate that a f ac t o r  o f  100 increase 
in the coun t rate is achievable during t he initial p hase of core boil o f f . 
Even the inclus ion o f  a spl i t  downcome r region ( Fig . 1 3 )  does not rreclude 3 
two orde r o f  mag n i tude increase in the count ra te . 

The s econd impor tant feature of t he inhomogeneous results  is the possi
bility  t ha t  the s l owly de creas ing coun t rate could be the resul t of con t i nued 
core boil o f f  once t he maximum coun t rate value has been reached . The s hape 
of t he count rat e response during t his pe riod of time ( �1: 50 + 2 : 50) q uali ta
t ively matches t ha t  of the result s  p resented in Sect ion I I . B .  Of cour s e , a 
g r adual ref ill i n  t he downcomer o r  the core region could produce the decreas
ing count rat e , t o o . It  would be too spe culative t o  conj ecture which s cenario 
i s mo re likel y .  Nev e rt heless , t he boil of f process and t he downcome r wa t e r  
level can expla i n  t he detector behav i o r  q ual i tatively ove r the pe riod o f  
1 11our 40 minutes to 2 hours 5 3  minutes , a t  which t ime a B loop pump res tarted 
and initiated f u r t he r  developments . 

Subsequent events  can be interp��t ted 1n a simi l a r  fashion to the above . 
The s ta rtup o f  a B loop pump delive i<:J f l ow to the d owncome r for approxima tely 
8 s econds - in an analogous fashion t o  t he phase separation and downcome r 
ref il l  des c r i bed earlier , an immedi a t e  and subs tantial decrease in the coun t 
rate  is expec t ed and seen in Fig . 15 . Similarly , t he ECCS actua tion at �3 
hours 20 minu t es leads to a rap id decre as� in count rate  as the downcome r is 
aga in refilled . Following each of t hese events ,  count rate variations can be 
expected due to t he possibili t y  of water level readj us tment , core rea r r ange
ment , fission product release , small scale boil off , etc . A combination of 



quant i f i ed ef f e c t s  f rom S e c t ion II can be u t i l i z e d  to e x pl a i n  t he t rends and , 
t o some e x t en t , t he mag n i t ud e s  of t he coun t r a t e  c hang e s  in F i g . 1 5 . 

As d i s c u s sed above , mo s t  of t he anoma l ou s  neu t ron de t e c t o r  r e ad i ngs 
could be co r rel a t e d  wi t , , L t1e kn own s e q u e n c e  of eve n t s , and s o me i nf e re nces 
could be made wi t h  r e s p e c t  t o  t he c o n '  hyd raul i c  condi t i o n s . Howeve r ,  
b e c a u s e  t h e  c o re neu t r o n i c  and hyd r aul i c  c o nd i t ions d u r i ng t he TMl- 2  i n c i 
de n t  a r e  n o t  p r e c i s e l y  known , u n c c r l ai l ! t .i e s  a r -=  i n t roduced a nd e x p l i e i L  

q u a n t i t a t i ve ana l y s e s  of t he rle t e c c o r  r e s po n s e  do no t a p pe a r  f e as i b le . 
Neve rt he l e s s ,  t he de t e c t o r  r e s p o n s e  1 s  Lmpo r c a n t  i n f o rma t i o n  wh i c h , a l ont>; 
111i t h  o c he r  i ns t rume n t a t i o n  d a c a  and t he rma l -hyd rau l i c ana l yse s , c ould be 
r� o r· r e l a t ed i l t  o rde r  t o  p r uv id e  a s r: l f - r o ns i s � en t  s c e na r i o  o f  L' n re •:o nd i t i o n s  
J u r ing t he TM l - 2  . � j L n � . 

l V . ACKNuWU:DGt·lli NTS 

T h e  ; m t ho rs g r a t e f ul ly ac knowl edge t he CJ s s i s L an c e  p r o v i d e d  b y  C. H.  
Adams , E .  K.  Fuj i t a , E .  M.  G e l b a rd n n d  L .  J .  Hi.l t o n , w h o  p r ov ided cons ide r
a b l e  ca l cul a t ional and ad v i sory a s s i s t an c e  d u r i ng t he relat i v P l y  s hort 
p e r i o d  o f  t ime ove r wh i c h  t h i s  \'  .. : r k had co be compl e t b i . Al s o , R. Henry and 
P .  A b r amson are r e c ogn i z ed f o r  furnishi ng t he s p a t i a l l y  d e pendent void 
rr of i l e  mode l a nd o t he r  t he rma l hydraul i c  i n f o rma t i o n . 

2 5  



26 

V .  REFERENCES 

1 . Chis holm , G .  H .  and Mal loy , D .  J . ,  " Summary of t he Scenarios presented 
by the NRC and NSAC Conce rning Damage to t he TMI-2 Core , "· Intra
Labor atory Memo randum , Argonne Na tional Labora tory , February 27 , 1 9 80 . 

2 .  "Analys i s  of Three Mile Isl a nd - Uni t 2 Accident , "  Nuclear Safety 
Analys i s  Cent e r , Elect ric Powe r Research Ins t i t u t e , NSAC-1 , July 1 9 79 . 

3 .  Kemeny , J .  G . , e t  al . ,  "Repo r t  of the President ' s  Commi ssion on t he 
Accident at Three Mile Island , "  Oct obe r  30 , 1 9 7 9 . 

4 ,  Fe rguson , D .  R. .  and De rstine , K .  L . , "Optimi zed I t erat ion S t rateg i es 
and Data Management Cons ide ra t ions for Fast Reac t o r  Fini te-Di fference 
Di f fus ion Theory Codes , "  in  t he P r o ceedings of the Mee ting on Impr oved 
Me t hods for Analysis  of Nuc lear Sys tems , Tucso n ,  Ari zona , Ma rch 1 9 7 7 . 

S .  Cobb , W .  R . , E i c h , W .  J .  and Tive l ,  D. E ., "Advanced Recycle Me thodo logy 
Progr am Sys t em Document ation , EPRI-CELL Code De s c r i pt ion , "  Pa rt  I I ,  
Chap t e r  5 ,  Ele c t ri c  Powe r Research Ins ti tute , Oc t o be r  29 , 1 9 7 5 . 

6 .  Bell , N .  J .  " ORIGEN - The ORNL Isotope Generati:m and Dt'ple tion Code , "  
Oak Ridge Na t i onal Laboratory , ORNL-4628 , May 1 9 7 3 . 

7 .  Richings , H .  J. "TMI-2 Eve nt Ex-Core Neu t ron De t e c t o r  Readings : Cau se 
and Signif icance , "  Memorand um t o  R. Mat tson , Nuc le ar Regula tory 
Commi ssion , Augus t 24 , 19 7 9 .  

8 .  Mal loy , D .  J . , " 1�evi sed Neut ron Flux Level Est ima t es for the Three 
Hile Isl a nd - Uni t 2 Core , "  I n t r a-Laboratory Memo r andum to Y .  I .  Chang , 
Argonne Nat ional Laborato ry , Jul y 3 0 ,  1979 . 

9 .  Malloy , D .  J . ,  " Pho ton Abso r p t io n  Rate in the Coolant of Three Mi le 
Island - Uni t  2 Core , "  Int ra-Laboratory Memo randum to Y .  I .  Chang , 
Argonne Nat ional Laboratory , Jul y 6 ,  1979 . 

1 0 . Prael , R .  E .  a nd Mil ton , L .  J . ,  "A User ' s  Manual f o r  the Monte Carlo 
Code V IM , " Argonne Nat ional Laborator y ,  FRA-TM-84 , February 20 , 1 9 7 6 . 

1 1 . Mal loy , D .  J .  and Chang , Y .  I . , " E f fects of Burnup and Fueling Opt ions 
Upon Fuel U t il iz a t ion Charac t er i s t ics  of t he Ligh t Water Back f i t  High 
Gain Conve rt e r , "  Argonne Nat iona l  Laboratory , RSS-TM-16 , December 3 ,  
1 9 79 . 



APPENDIX A :  CALCULATIONAL MODEL MATERIAL DESCRI PTION 

The calcula t ional model which was ut il i zed i n  this work i s  desc ribed 
in a gene r al f ashion in Sect ion I . C .  Thi s  appendix present s t he mo re 
de ta iled s peci fics of t he ma terials which comprise the model . 

As me nt ioned previousl y ,  t he model which was ut ilized by t he Nuc lear 
Saf e t y  Analysis Center ( NSAC ,  opera ted by t he Ele c t r ic Powe r Resea rch 
Ins ti tute ) was adopted in o rde r to pr ovide some deg ree of consis t ency wi th 
o t he r  cal cula tions . Table A-1 ref lec t s  this info rma t ion as i t  l i s t s  the 
mate r i als  and volume f r ac t ions appropriate f o r  each region . The region 
numbe rs correspond t o  tho s e  in Fig . 3 ,  wh ich is included he re as Fig . A-1 . 
The de te ctor  region ( number 1 7 )  is s hown in expanded de tail in Fig . A-2 : 
t he three de tecto r ma t e r i als ( lead shiel d i ng , polyethylene and BF

3
) each 

have a v u l ume f r act ion of 1 . 0 wi thin t he i r  res pe c t ive subregi ons . 

Re g i o n  Numb e r  

1 

e + 1 4  

1 5 

1 6 

1 7  

l !l  

TABLE A-1 . l<e g i o n  De s• · r i p t i o n :  TM l - :L  RZ Cal•:ula t i o n  Nadel 

l<e g i o n Desc r i p t i o n  

Uppe r C o r e  I n t e rna l s  
( i nc l ude s ou t l e t  p l e num , e t c . )  

':ore Z o ne :; 

Lowe r i n t e r na l s  ( i no: luJes 
i nle t p l �: nurr. , space r 
j.> l � t e ,  e t c . )  

Homoge n i �ed Downc ome r 
( i n.: l ude s c: o r e  l i ne r ,  wa t e r  
gap s ,  t h e r ma l  shi e l d ,  c o r e  
ba r r e l  a nd d owncome r )  

Reac t o r  V e s s e l  

Ai r Gap 

De te c t o r  

Biol ogi c a l  Sh ield 

Ba s i c  Ma t e r i a l s  
P r e s e n t  

Coola nt 
S t a i n l e s s  S t e e l  

Coola nt 
Fue l 
Z r  

Con t r o l  Rods 

C o o l a n t  
S t a i n l e s s  S t e e l  

Coolant 
S t a i nle s s  C. t e e  l 

Car bon S t e e l  

St andard Ai r 

Lead , Polye t h l e ne , BF3 

Conc r e t e  

Ap proxima te 
Volume 

Frac t i o n 

O. !Hl6 
0. 1 1 4  

o .  5 9 4  3 
0 . 2904 
0 . 096!! 
0 . 0 1 !! 5  

0. !!03 
0. 1 9 7 0  

o.  739 
0. 261 

1 . 0  

1 . 0  

As s pe c i f ie d  
i n  F i g .  A-2 

1 . 0  

The numbe r density informat ion for t he basic material s  i s  presented in 
Tables A-2 t hro•1gh A-4 . Generally , the number densi t ies were t aken directly 
f r om the NSAC model descri p t ion . If a ma te rial was not included in the NSAC 
model , e .g .  polye thylene , the number dens i ty was created f r om f irs t princi
ple s . Certain trace nuclides in some materials were omi tted in the intere s t  
o f  expedi ency : e .g .  F ,  Si and Mn . Their neglect  has virtually �o impact 
upon the neutronics of the material propertie s . Other t r ace nuclides ,  whos e  
cros s sect ions were unavailable o n  a t imely basis , were approximated via a 
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Fig . A-2 . Expanded Details of the Source 
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TABLE A- 2 .  Trace Nuc lide Replacement Scheme 

Origina l  Nuc ! ide 

Na 
Mg 
K 
Mn 
Al 

Rep l a <:eme n t  Nuc lide 

C r  
[I ('  
C r  
Ni 
Fe 

Equivalent Numbe r of 
Replaceme nt Atoms 
Pe r Or iginal Atom 

1 / 7 . 7 5 
1 / 4 2 . 5  
1/ 1 . 5  
'j 
1 / 1 1  

TAH LE A-3 . Cal c u l a t i o n a l  Model Compo s i t ion  o f  Reac t o r  Vessel S t eel 

Numb e r  De ns i ty 

Pe rcent Change 
Nuc l ide Nominal C a r bon Equival en t  Ca r bon f rom Nominal 

Fe 8 . 1 9 7 9  -2 a 8 . 1 9 8 5 4  -2 0 . 008 
Cr 1 . 2 7 4 6  - 4  1 . 2 7 46 0  -4 
Ni 4 . H 3 7 7  -L1 7 . 84 7 7 5  -4 6 2 . 2  
Mn l . l2 Ll l -3 1 . 1 2 0 1 0  -3 
c 8 . 6 7 0 7  -4 8 . 6 7 0 7  -4 
Si 4 . 2 6 4 1  -4 
Mo 2 . 7 1 3 7  -4 
Ca 1 . 1 1 7 5  -:1 
Al 7 . 0 1 7 7 -5 

a
Re ad as 8 . 19 7 9  X w- z . 

simple nuc lide subs t i t u t ion scheme . When a nuc lide was to be replaced , an 
ava ilable nuclide wi th  similar neu t r onic p r ope r t ies was cho s e n  as its sub
s t i t u t e . The relat ive propo r t ions of the rmal cap t ur e , scat t e ring and the 
resonance integ r al value f r om BNL-325 we re compar ed among t he original 
nuclide and 3 arbi t rary candidates fo r subs t i t ut ion : Cr , Fe and Ni . That 
isotope which mos t closely ma tched t he propor t ions for t he o r ig i nal nuc lide 
was sele c t ed .  The equivalent number dens ity was then se t by rat i�ing t he 
the rmal ( n , y) c ros s sec t ion value of t he two nuc lide s .  Table A-2 i l lustrates 
t he result ing equi valences which nominal ly preserve thermal capture react ion 
rates . 

Tab le A-3 i l lustrates the implementat ion of the t r ace nuc lide replace
ment scheme upon t he react o r  vessel carbon s teel . As can be seen , changes 
are minor wit h  reo pe c t  to t he tot al compo s i t i on .  Given t hat  t he replaced 
nuc lides cons ti tute a very small portio n  of t he t o t al ma terial , i t  is deemed 
adequa t e  to represent them in such an approximate fas hion . 

Soluable boron and bot h  the burnable poison ( B4C)  and cont rol material 
were modeled as an equivalent amoun t ( reac t ivi ty-wise ) of B-10 . This 
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Nuclide 

H 

u 

2 35 u  
23 B u  

Zr 

Uppe r  
Inter nals 

( 1-v )4. 6684 -z
a 

( l-v) 2. 3 32B -2 

l O B  (l-v)9. 233B -6 

Fe 

Cr 

Ni 

Mn 

c 

�b 

Xe 

Sm 

Lumped FP 
( epi the rmal )  

Lumped H 
(the rmal ) 

b . bZOl -3 

1. 9820 -) 

1 . 4921 -3 

TABLE A-4. Homoge n i z e d  Number Lle n!::i i t: te s ; T�!l -.! H.Z Ca l t;u Ln i ona l �loll�t l 

2 � 6 � � 1 4  1 5  1 6  1 7a 
Core Lowe r Hocog� nized Real; tor lJe t e c t u r  
Zones [nte r na l s Llown(·ome r Ve s se l  Air S h i e l d  

( l-v ) 3 . 1 29 6  -2 ( l- v ) 4 .  2 3 J 3  -2 ( l -v ) J. B � 7 o  -2 

( l-v ) l . 564B -2
b 

( l-v) 2. 1 14 3  -2 ( 1 -v ) 1 .  9� 58 -� 1. U28� -. 
+ 1 . 2952 -2 

1 . 49 74 -4 

6 .  3519 -3 

1 . 0695 -5 

4. 1537 -3 

( 1 -v ) 6 . 1 9 3 9  -6 
+ 7 . 2262 -6 ( 1-v) B .  3689 -b ( l - v ) 7 ,  7U20 -b 

1 . 1440 -l 1 .  51) 7 -2 B. 1985 -L 

3 . 4 2 5U -) 4. 5 ) 7 b  - J  1 .  '1. 7 4 0  -4 

2 . 5 7 7 8  - ) J. 41 5 J  -J 7. 84 7 8 -4 

1 . 12Ul - J 

8. b 7 U 7  -4 

" - 1 9 7 J -J 

2. 0883 -9 

1 . 5783 -8 

4 . 21 7 1  -4 

1 . 6894 -3 

a read as 4. 6 684 x 10-2 ,  with v reprsent i ng t h e  coolant void f rac t ion. 
bThe two components represent the coolant wa ter and the Uo2 cont r i bu t i o ns ,  r e s pe c t i ve l y .  

1 7b 1 7.: l �  
Dete�..: t or Ac t 1  \.'e !:hologi,:al 

Polye t h y l e n�:: Zone S h i e l d  

S . b J SU -3 � . bU39 -2 

L. 65bU -5 

4 . U 7 b 5  -5 

1 . Ub5b -J 

2. 78BU -3 4. )2�9 -2 



result ed i n  the cont rol rod materi al being replaced wi th -1000 ppm ,  the 
bur nable poison represented as -440 ppm ,  and the soluable boron level set  at  
-1160 ppm for a nonvoided coolant . The total equivalent poi son is thus on 
t he orde r of 2600 p pm .  As voiding was modeled , the void frac t ion ac ted only 
upon that  boron wh ich represented t he cont r i b u t ion from soluable bo r on . 
Table A-4 l i s ts the homogenized ma teri al number dens i t ies , as u t i l i zed i n  
t he cal cula tional model , They co rrespo nd d i re c t l y  wi th the region numbe ring 
i n  Table A-1 and , of cours e ,  al ready reflect  the appropri a t e  volume fract ions . 
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